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Foreword 


It is my great honor and pleasure to write the foreword for this state-of-the-art book Power Electronics for 
Renewable Energy Systems, Transportation, and Industrial Applications. Power electronics and drives 
control is an extremely complex field with multiple disciplines throughout the field of electrical engi- 
neering. It is virtually impossible to write a book covering the entire area by one individual specialist, 
particularly witnessing the recent developments in neighboring fields such as control theory, signal 
processing, and applications in renewable energy systems, as well as electric and plug-in hybrid vehicles, 
all of which strongly influence new solutions in power electronic systems. For this reason, the book has 
been written by the key specialists in these areas. 

This book comprising 24 chapters is divided into three parts: (1) Impact of Power Electronics for 
Emerging Technologies (Chapters 1—5), (2) Power Electronics for Distributed Power Generation Systems 
(Chapters 6-11), and (3) Power Electronics for Transportations and Industrial Applications (Chapters 
12-24). The first chapter is written by the world-renowned power electronics expert Professor Bimal 
K. Bose, and is followed by a review of power electronics in high-voltage direct current (HVDC) and 
flexible AC transmission systems (FACTS), a chapter on smart grid concepts and technologies, and then 
a chapter on recent advances in power semiconductor technology. Chapter 5 is the last in Part 1 and this 
presents a new class of AC-link universal power converters. The second part of the book begins with 
two chapters (Chapters 6 and 7) that provide an overview of renewable technology, both of which are 
co-authored by the world-known specialist Professor Frede Blaabjerg; these chapters deal with power 
electronics for wind turbines and photovoltaic (PV) energy. The next four chapters (Chapters 8—11) 
cover controllability analysis, distributed power generation, variable speed doubly fed induction machine 
(DFIM), and AC-DC-—AC converters in renewable energy systems. The third and largest part of the book 
begins with two chapters (Chapters 12 and 13) on transportation, including one on modern power elec- 
tronic solutions for aircrafts and the other on electric and plug-in hybrid vehicles. These two chapters 
are followed by a discussion and a presentation of multilevel converters (Chapter 14), multiphase matrix 
converters (Chapter 15), high-power factor rectifiers (Chapter 16), active power filters (Chapter 17), 
hardware-in-the-loop power electronic systems (Chapter 18), predictive control of converter-fed electric 
machines (Chapter 19), current source converters for drives (Chapter 20), reduction of common-mode 
(CM) voltage and bearing currents in pulse-width modulation (PWM)-fed drives, high-power indus- 
trial drives, modulation and control of single-phase grid-connected converters (Chapter 23), and, finally, 
impedance Z-source inverters (ZSI) and quasi-Z-source inverters (qZSI) (Chapter 24). 

The work has typical attributes of a contemporary book and discusses several aspects of the authors’ 
current research in an innovative and original way. Easy description and good illustrations make the 
book attractive for researches, engineering professionals, graduate students of electrical engineering, 
and power systems faculties. 
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Finally, I would like to applaud the initiative taken by editors in this timely book to cover a wide 
area of power electronic applications in renewable energy systems, smart grids, distributed generation, 
transportation, and other industrial areas. This work perfectly fills the current gap and contributes to a 
better understanding and further applications of power electronic systems. 


Marian P. Kazmierkowski, IEEE Fellow 
Institute of Control and Industrial Electronics 
Warsaw University of Technology, Poland 


Preface 


It is our pleasure to present this book on up-to-date power electronics technologies and advancements in 
their use in renewable energy, transportation systems, and various industrial applications. 

We have written this book in response to the current lack of relevant research available to researchers, 
professionals, and students. It is our hope that we successfully convey our passion for this field in a 
manner that is easy to follow textually and visually. We have chosen to write this as a joint initiative 
because of the expertise needed in an all-encompassing research on power electronic systems. 

In this book we cover a wide range of power electronic components, renewable energy systems, smart 
grids, distributed generations, transportation systems, and other industrial areas. This work fills a gap 
in engineering literature and contributes to a better understanding and further application of power elec- 
tronic systems. Power electronic components and applications are among the fastest growing engineering 
areas today and are key in responding to our current environmental constraints and energy demands. 
This book integrates material in order to answer current problems and offer solutions for the growing 
commercial and domestic power demands. 

The book discusses several aspects of current research, and the participation of the world’s top scientists 
solidifies the book’s credibility, including JEEE life fellows Prof. Bimal K. Bose and Prof. Joachim 
Holtz. Other scientists who participated in the writing of this book include Professors Frede Blaabjerg, 
Leopoldo G. Franquelo, Carlo Cecati, Hamid A. Toliyat, Bin Wu, Fang Zheng Peng, Ralf M. Kennel, 
and Jose Rodriguez. 

The book is divided into three main parts: (1) The Impact of Power Electronics for Emerging Technolo- 
gies (Chapters 1—5), (2) Power Electronics for Distributed Power Generation Systems (Chapters 6-11), 
and (3) Power Electronics for Transportations and Industrial Applications (Chapters 12—24). 

Chapter 1 offers a brief but comprehensive review of the world’s energy resources and climate change 
problems because of fossil fuel burning, along with possible solutions or mitigation methods. The author 
concludes with a discussion of the impact of power electronics that have on energy conservation, renew- 
able energy systems, bulk storage of energy, and electric/hybrid vehicles in the present century. 

Chapter 2 focuses on the contribution of power electronics to achieve efficient energy transmission and 
distribution, enable a high penetration of renewables in the power system, and develop more electrical 
transportation systems. This chapter also addresses flexible AC transmission system (FACTS) devices; 
high-voltage direct current (HVDC) transmission systems; power electronics converters for wind, pho- 
tovoltaic (PV), and ocean sources; power conversion for electric vehicles; and energy storage systems. 

Chapter 3 gives an overview of the main technologies, features, and problems of distributed generation 
and smart grids. This chapter gives a short but comprehensive overview of these emerging topics. 

Chapter 4 presents recent advances in power semiconductors technology, focusing specifically on wide 
bandgap transistors. The authors offer a short introduction to state-of-the-art silicon power devices and 
the characteristics of the various SiC power switches. Design considerations of gate- and base-drive 
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circuits for various SiC power switches, along with experimental results of their switching performance, 
are presented in details alongside a discussion of their applications. 

In Chapter 5, the authors categorize AC-link universal power converters within a new class of power 
converters, and demonstrate how they can interface multiple loads and sources while remaining a 
single-stage converter. 

Chapter 6 expands on technological developments and market trends in wind power application. The 
authors review a variety of wind turbine concepts, as well as power converter solutions, and offer an 
explanation of control methods, grid demands, and emerging reliability challenges. 

Chapter 7 presents a comprehensive overview of grid-connected PV systems, including power curves, 
grid-connected configurations, different converter topologies (both single and three phases), control 
schemes, maximum power point tracking (MPPT), and anti-islanding detection methods. The chapter 
focuses on the mainstream solutions available in the PV industry, in order to establish the current state of 
the art in PV converter technology. In addition, the authors offer a discussion of recently introduced con- 
cepts on multilevel converter-based PV systems for large-scale PV plants, along with trends, challenges, 
and possible future scenarios of PV converter technology. 

In Chapter 8, the authors demonstrate that the components of renewable energy systems, including 
interfacing filters, are first selected to ensure steady optimum performance operation, after which con- 
trollers are designed and implemented to ensure stability, high dynamic performance, and robustness to 
disturbance and parameter variations. The controllability analysis of an interior permanent magnet (IPM) 
wind turbine generator connected to the grid through a filter interface is analyzed, and the stability of 
the nonlinear system and the study of the zero dynamics provide insights into potential constraints on 
controller structure and dynamics. 

Chapter 9 points out that the role of the power converter’s control is fundamental and involves a number 
of issues: power flow control, synchronization with the main grid, reactive power capability, voltage 
regulation at the point of common coupling and power quality constraints. In addressing these matters, 
the authors focus on PV and small wind turbine systems, as well as the management of the transition 
among grid connection, stand-alone operation, and synchronization. 

Chapter 10 describes the main properties and control methods of the doubly fed induction machine, 
which are related to both grid-connected and stand-alone operation modes. The chapter presents the prop- 
erties of a wind turbine equipped with a doubly fed induction machine, and offers a short description of 
wind turbine aerodynamics, wind turbine superior control, and steady-state performance of wind turbine. 

Chapter 11 is devoted to various topologies of AC-DC-—AC converters and their design. It offers 
an in-depth discussion of classical three-phase/three-phase transistor-based AC-—DC-—AC convert- 
ers (two-level and three-level diode-clamped converters (DCCs) and flying capacitors converters 
(FCC)) and simplified AC-DC-—AC converters (two-level and three-level three-phase/one-phase and 
three-phase/three-phase DCC). 

Chapter 12 describes how More Electric Aircraft (MEA) technology is continually evolving and being 
widely recognized as the future technology for the aerospace industry. This chapter provides a brief 
description of the electrical power generation, conversion, and distribution in conventional aircrafts and 
in more electric aircrafts, such as Airbus 380 and Boeing 787. The author also discusses more electric 
architectures, power distribution strategies, more electric engine concepts, and the effect of high-voltage 
operation at high altitudes. 

Chapter 13 presents the structure and basic design aspects of electric vehicles (EVs) and plug-in hybrid 
electric vehicles (PHEVs), as well as future trends in EV manufacturing. The authors also discuss the 
integration of EVs with green, renewable energy sources and introduce the design of such systems. 

Chapter 14 is dedicated to explaining multilevel converters/inverters and describing their pros and cons 
regarding their most suitable applications. The chapter presents how multilevel inverters are applied to 
static var generation (SVG), static synchronous compensator (STATCOM), and FACTS devices. The 
authors further explore magnetic-less multilevel DC-DC converters and analyze the multilevel convert- 
ers’ fault tolerance and reliability. 
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Chapter 15 elaborates on the theoretical and analytical aspects of multi-phase matrix converters, 
encompassing existing and emerging topologies and control. The authors also discuss various control 
algorithms for efficient operation. 

Chapter 16 presents a detailed analysis of three boost-type preregulators commonly used for power 
factor correction in single-phase rectifiers: the single-switch basic boost, the two-switch asymmetric 
half-bridge boost, and the interleaved dual-boost topology. The authors also illustrate the mathematical 
modeling approach, applying it to the first two topologies. In so doing, the authors are able to demonstrate 
the effectiveness of these converters associated with their respective control systems. 

Chapter 17 looks at how power electronics applications have penetrated multiple areas of modern 
life, thereby increasing nonlinear loads in comparison with linear loads. Simultaneously, power 
electronics-based loads are sensitive to harmonic distortion, which leads to a discussion of active power 
filters that can be employed to cancel or mitigate harmonics and their effects. 

In Chapter 18A, the discussion provided proves that the so-called virtual machine (VM) is a 
hardware-in-the-loop (HiL) system allowing an inverter to be tested at real power levels without the 
need for installing and operating real machines as the VM has the same characteristics as a real induction 
motor or even a synchronous motor. Different machines and their respective load conditions can be 
emulated by software, meaning that the drive inverter under test can operate in its normal mode. 

Chapter 18B also relates to the HiL systems, with a thorough presentation of the modular multilevel 
converter (MMC). The authors explain the limitations of standard simulation methods and propose more 
suitable control techniques. Issues raised by the converter topology are discussed with regard to the choice 
of hardware to achieve real-time simulation, and examples of implementation for real-time application 
using OPAL-RT real-time simulator are given for the different techniques previously discussed. 

Chapter 19 describes the use of model predictive control (MPC) for speed control in electrical 
machines. The authors also show how the MPC is a conceptually different control technique that offers a 
high flexibility to control different power electronics topologies and manages several control objectives, 
without adding significant complexity to the system. 

Chapter 20 presents two approaches used to control electric machines supplied by the current source 
inverter. The first approach is based on the current control and the second approach contains the 
voltage control with multiscalar model approach. The topologies are analyzed for controlling a supply 
squirrel-cage induction motor, doubly fed machine, and permanent magnet synchronous machine. 

In Chapter 21, the author shows how the high dv/dt and the common-mode voltage generated by the 
inverter pulse-width modulation (PWM) control result in the appearances of bearing currents, shaft volt- 
ages, motor terminal overvoltages, the decrease in motor efficiency, and electromagnetic interference. 
A common-mode motor equivalent circuit is analyzed, with an emphasis on the bearing currents and 
various aspects of currents’ limitation. The author dedicates much of the chapter to analyzing the active 
methods on the limitation of common-mode currents based on PWM modifications. 

In Chapter 22, the impacts of megawatt variable frequency drives (VFDs) for liquefied natural gas 
(LNG) plants are discussed. This chapter presents few examples of actual high-power VFDs that can 
realize up to 100 MW systems using four sets of 25 MW neutral-point-clamped (NPC)-based multilevel 
voltage source inverters (VSIs). The chapter starts with an overview of LNG plants, outlines conven- 
tional gas turbine (GT), drives techno-economic and environmental implications, and introduces various 
electric drive technologies used for LNG plants, highlighting their limitations, technological problems, 
and their impact on future LNG plants. 

Chapter 23 is devoted to the modulation and control of single-phase, active front-end converters. The 
first part of the chapter presents a literature review and analysis of PWM techniques with unipolar switch- 
ing for three main multilevel converter topologies. The second part of the chapter is devoted to current 
control of single-phase voltage source converters. 

The final chapter offers a comprehensive and systematic reference for the current and future devel- 
opment of the high-performance Z-source inverter (ZSI)/quasi-Z-source inverter (qZSI), and provides 
a detailed explanation of the impedance parameter design. It looks at ZSI/qZSI, otherwise known as 
an impedance source inverter. This inverter has attracted increasing interest because of a single-stage 
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power conversion with a step-up/step-down function, handling the DC voltage variations in a wide range 
without overrating the inverter and allowing switches on the same bridge leg to simultaneously turn on. 
The authors present the operation principle and control methods of conventional ZSI/qZSI, and offer a 
discussion of the advantages of novel extended topologies, such as qZSI with battery and qZSI-based 
cascade multilevel systems. 


Haitham Abu-Rub 
Mariusz Malinowski 
Kamal Al-Haddad 
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Energy, Global Warming 
and Impact of Power Electronics 
in the Present Century 


Bimal K. Bose 
Department of Electrical Engineering and Computer Science, The University of Tennessee, 
Tennessee, USA 


1.1 Introduction 


Power electronics concerns the conversion and control of electrical power with the aid of power semi- 
conductor devices, which include diodes, thyristors, triacs, gate turn-off thyristors (GTO), power metal 
oxide silicon field effect transistors (MOSFET), insulated gate bipolar transistors (IGBT) and integrated 
gate-commutated thyristors (IGCT). Their applications include regulated power supplies (DC and AC), 
uninterruptible power supply (UPS) systems, electrochemical processes (such as electroplating, electrol- 
ysis, anodizing and metal refining), control of heating and lighting, electronic welding, power line static 
var compensators (SVC or STATCOM) and flexible AC transmission systems (FACTS), active harmonic 
filters (AHFs), high-voltage direct current (HVDC) systems, photovoltaic (PV) and fuel cell (FC) convert- 
ers, electronic circuit breakers, high-frequency heating, energy storage and motor drives. The extensive 
applications of power electronics in global industrialization have been somewhat unprecedented in his- 
tory. We now live in a global society in which the nations in the world are highly interdependent. In the 
present trend, it is expected that future wars in the world will be fought on an economic front rather than 
military. In future, all the nations in the world will face severe industrial competitiveness for their survival 
and prosperity. In such an environment, power electronics and motion control will play a very important 
role. In addition, as the price of energy increases and environmental regulations become more stringent, 
power electronics applications will spread practically everywhere. The role of power electronics in this 
century will be as, if not more, important as computer, communication and information technologies. 

It should be mentioned here that power electronics technology has now gained significant maturity after 
several decades of the dynamic technology evolution of power semiconductor devices, converters, pulse 
width modulation (PWM) techniques, electrical machines, variable-frequency drives, advanced controls 
and computer simulation techniques. According to the estimate of the Electric Power Research Institute 
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(EPRI) of the United States, roughly 70% of electrical energy in the United States is now processed 
through power electronics, which will eventually expand to 100%. In the present century, we expect to 
see the significant impact of power electronics not only in global industrialization and general energy 
systems, but also in energy conservation, renewable energy systems, bulk energy storage and electric 
vehicles (EVs) and hybrid electric vehicles (HEVs). The corresponding impact in solving or mitigating 
climate change problems is expected to be significant. This chapter will start with a review of the global 
energy perspective, environmental pollution because of the burning of fossil fuels, the corresponding 
climate change or global warming problems and the methods for their mitigation. Then, it will review the 
impact of power electronics in energy saving, renewable energy systems, the bulk storage of energy and 
EVs and HEVs. Finally, the future scenario of power electronics technology evolution will be reviewed 
in the conclusion. 


1.2 Energy 


Let us first discuss the global energy perspective [1—6]. Figure 1.1 shows the global energy generation 
and the generation of US energy in the same perspective. About 84% of global energy is generated by 
fossil fuels, 3% from nuclear plants and the remaining 13% comes from renewable sources, such as 
hydro, wind, solar, biofuels, geothermal, wave and tidal power. US energy generation follows a similar 
pattern. About 41% of US energy comes from oil, of which a significant part is imported. The present 
availability of shale oil (and natural gas) is decreasing this dependence, and according to the forecast of 
the International Energy Agency (IEA), the United States will be energy independent in the future. The 
global per capita energy consumption is highest in the United States. With nearly 4.5% of world’s pop- 
ulation (313 million out of 7 billion), the United States consumes nearly 28% of global energy and this 
reflects a very high standard of living. In comparison, China, now the world’s second largest economy, 
with nearly 19% of the world’s population (1.34 billion), consumes nearly half the total energy con- 
sumed by the United States. Of course this scenario is changing fast because of the rapid industrialization 
of China. 

Figure 1.2 shows the idealized energy depletion curves of fossil and nuclear fuels throughout the world, 
which are somewhat Gaussian in nature. The world has enormous reserves of coal, and at the present 
consumption rate it is expected to last approximately 200 years. From the oil depletion curve, it appears 
that we are presently near the peak and is expected to become exhausted in 100 years. The oil price has 
been increasing recently because of the rising demand and dwindling supply. The natural gas reserves 
are expected to last around 150 years. 

The recent availability of large amounts of shale oil and gas is creating an economic boom in some 
countries, particularly in the United States, as mentioned previously. Uranium (U-235) has a very low 
reserve and is expected to become exhausted in around 50 years. 

With adequate conservation, the curves in the figure can be flattened in order to last for a longer period. 
Exploration of new fuel sources, particularly offshore resources, can provide new sources of oil and gas. 
Renewable energy resources (not included in the figure) will theoretically extend the energy depletion 
curve to infinity. It is no wonder that due to their competitive costs, extensive availability and environ- 
mentally clean nature, renewable energy sources are now being extensively explored all over the world. 
Recent studies show that renewable energy alone (with adequate storage) can supply all the energy needs 
of the world. 

Figure 1.3 shows electricity generation according to different fuel types for the United States, Japan, 
China and India. For example, in the United States, 40% of the total energy is consumed in electrical form, 
of which typically 50% comes from coal, 2% from oil, 18% from natural gas, 20% from nuclear plants 
and the remaining 10% comes from renewables (mainly hydroelectricity). The electricity generation 
from natural gas is more favored (with the corresponding decrease in coal) because of the availability 
of cheap and abundant shale gas. Japan produced 31% of its electricity from nuclear resources, but the 
recent accident at the Fukushima Daiichi nuclear plant is changing the scenario, with the emphasis now 
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Figure 1.1 Global and US energy generation scenarios (2008) [2] 


more on renewable resources. It is interesting to note that the world’s two fastest developing economies 
(China and India) generate more than 70% of their electricity from coal. 


1.3 Environmental Pollution: Global Warming Problem 


Unfortunately, fossil fuel burning generates gases (SO,, CO, NOy, HC and CO,) that cause environ- 
mental pollution. The most dominant effects of fossil fuel burning are climate change or global warming 
problems [3, 4], which is mainly caused by CO, and other gases — called greenhouse gases (GHG). GHG 
trap solar heat from the atmosphere (called the greenhouse effect). The United Nations (UN) Intergov- 
ernmental Panel on Climate Change (IPCC) has ascertained that the man-made burning of fossil fuels 
causes the global warming problem. It may be mentioned here that nuclear power does not have the 
traditional environmental pollution problem, but the safety of nuclear plants with regard to the radiation 
hazard is of serious concern. Another problem with nuclear power is that the waste from nuclear plants 
remains radioactive for thousands of years, and we do not know how to safely dispose of such waste. It is 
possible that in the future this waste will cause considerable damage to our society. 
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Figure 1.2 Idealized fossil and nuclear energy depletion curves for the world [2] 
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Figure 1.3 Electricity generation by fuel types of some selected countries (2008) [2] 
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Figure 1.4 CO, variation in atmosphere thousands of years ago [4] 


Scientists have studied carbon (CO,) concentration variations in the atmosphere over a long period 
of time by analyzing ice samples from great depths in Antarctic regions. Figure 1.4 shows the CO, 
concentration curves in the atmosphere over thousands of years. The causes for the cyclic variation in 
CO, (ice age cycles) in the atmosphere is not well understood. However, one thing we are sure of is 
that in the past 1000 years (including the postindustrial revolution), the CO, concentration has increased 
dramatically (see the upper curve in Figure 1.4), and is much greater than the upper limit of normal 
cyclic variation. Scientists believe that this peaking is due to the man-made burning of fossil fuels and is 
irreversible, and therefore the consequences are serious. 

It has been estimated that nearly 80% of atmospheric CO, is generated by the man-made fossil fuel 
burning, of which typically 50% is due to electric power generation. Figure 1.5 shows the per capita CO, 
emissions versus population for several selected countries in the world, where the horizontal axis shows 
the population and the vertical axis shows the CO, emission per person (in tons/year). The United States 
has the highest per capita emission in the world and Canada is very close. Next comes Australia and the 
European nations, as well as Russia and Japan, where the emissions are typically less than 50% of that 
of the United States. The total emission of a country, given by the area of the rectangle, is very important 
with respect to the global warming problem. 

The standard of living in China is much lower than that of the United States; therefore, its per capita 
emission is very low. However, because of its large population the total emissions in China are large and, 
in fact, have exceeded that of the United States since 2006. Brazil has a good standard of living, but its per 
capita emission is low. In Brazil, typically 90% of energy (in electrical form) comes from hydroelectricity. 
In addition, it has a large Amazon rain forest that reduces CO,, and 50% of its automobiles run on 
renewable sugarcane-based biofuel. Biofuels are said to have a carbon neutralization effect because they 
absorb CO, during the plant’s growth but emit CO, at burning. 

At the present rate of growth of the world’s energy consumption (if no remedial actions are taken), the 
estimate of the potential CO, rise between 2002 and 2030 is provided in Figure 1.6. In 2002, the total 
energy consumption in the world was typically 410 quadrillion Btu (1 quadrillion = 10°% units), of which 
the share between fossil fuels and alternative energy sources is shown in the figure. The alternative energy 
sources consist of nuclear and renewable sources. The corresponding generation of CO, by fossil fuels 
was typically 2.6 billion tons/year. The total energy consumption in the world is expected to grow by 60% 
over the next 28 years, and the corresponding CO, level will rise by 62% (4.2 billion tons/year) because 
of an increased share of fossil fuels. Evidently, as a result, the global warming effect will be significant. 
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Figure 1.5 Per capita CO, emissions versus population of selected countries [2] 
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Figure 1.6 Potential CO, rise during 2002-2030 without remedial measures [4] 


1.3.1 Global Warming Effects 


As mentioned previously, GHG cause the earth’s atmosphere to accumulate solar heat and raise its tem- 
perature, which may be by a few degrees in 100 years. Climate scientists are trying to model the climate 
system (extremely complex) and predict the atmospheric temperature rise by extensive simulation stud- 
ies on supercomputers. Figure 1.7 shows global warming over the past hundred years (1900-2000) and 
its future projection for the next hundred years (2000-2100) by various research agencies through- 
out the world. The large error in the projection is due to the inaccuracy of the climate model, which 
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Figure 1.7 Global warming projections by different research agencies [3] 


is extremely complex. However, note that none of the studies argue that there will not be any global 
warming. 

The most harmful effect of global warming is the melting of the ice in the Arctic, the Antarctic, 
Greenland, the Himalayas and a large number of glaciers around the world. In fact, the study indicated 
that 500 000 mi? of ice in the Arctic ocean melted in the year 2006 alone, which is much higher than the 
computer simulation studies by climate scientists. This is causing a great deal of confusion to climate 
scientists. The melting of ice is raising the levels of the oceans, with possible flooding to low-lying areas. 
It is estimated that about 100 million people of the world live within 3 ft of sea level. Again, with the pre- 
dicted rise in the sea level, the estimate is that half of Bangladesh will be submerged in 300 years, which 
is expected to displace 75 million people. Again, the prediction is that should all the ice in Greenland 
and Antarctica melt, the sea level will rise by 200 ft. The Arctic region is expected to be free of ice (in the 
summer) by 2070. 

The melting of the polar ice caps is destroying the habitats of polar bears and penguins, with the 
expected future extinction of these species. Sensitive corals in the sea are dying due to higher water 
temperatures and the acidity of dissolved CO,. The higher acidity of seawater will also adversely affect 
marine life (which is being studied extensively). Besides the rise in the ocean level, global warming 
will cause adverse effects to the world climate that will result in severe droughts in tropical countries. 
This will damage agriculture and vegetation; bring about hurricanes, tornados, heavy rains and floods; 
and cause the spread of diseases. These effects of global warming have been very evident in the United 
States in 2012. According to a UN estimate, if fossil fuel burning is completely stopped today, the ocean 
level will rise by nearly 5 ft over the next 1000 years. These climate change effects will result in serious 
unrest and instability in the world. 

Considering these serious consequences, the UN Kyoto Protocol (an international agreement) was 
developed in 1997. According to this treaty, the participating countries are required to have a mandatory 
emission reduction within an assigned quota. If a country cannot meet the quota, it can purchase credits 
from a country that has a lower than assigned emission quota (called cap-and-trade policy). For example, 
the United Kingdom, with a higher than quota emission, can purchase credits from Brazil, which has 
an emission below the quota. Again, within a country a quota is assigned to each industry, which can 
buy or sell credits from another industry to satisfy the quota. The same principle is also applicable to 
individuals or families. There are trading organizations that control the buying and selling of credits, 
which are similar to transactions of shares. European countries took the leadership for the implementation 
of the Kyoto Treaty, but unfortunately the implementation is not being very successful in recent years. 
The United States did not sign up to the mandatory reduction formula of the Kyoto Treaty, although 
unofficial attempts are being made to reduce GHG emissions. 
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1.3.2 Mitigation of Global Warming Problems 


The possible solutions or mitigation methods to global warming problems can be summarized as follows: 


e Promote all energy consumption in electrical form. Centralized fossil fuel power stations can effec- 
tively use emission control strategies. 

e Cut down or eliminate coal-fired power generation. Otherwise, develop clean coal technology with 
CO, capture and underground sequestration, or an integrated gasification combined cycle (IGCC) 
process. As mentioned earlier, coal-based electricity generation is decreasing recently with a corre- 
sponding increase in natural gas-based generation that is cheaper and cleaner. 

e Increase nuclear power. Nuclear power has the usual safety and radioactive waste problems. (The trend 
toward increasing nuclear power is reversing after the recent Fukushima Daiichi nuclear power plant 
accident in Japan.) 

e Since trees absorb CO,, preserve rain forests throughout the world and promote widespread 
forestation. 

e Control human and animal populations since they exhale GHG. In addition, a larger population means 

greater energy consumption. This method is not possible to implement. 

Extensively promote environmentally clean renewable energy systems. 

Replace internal combustion engine (ICE) vehicles by EVs and HEVs. 

Promote mass transportation, particularly electric trains and buses. 

Save energy by the more efficient generation, transmission, distribution and utilization of electricity, 

which is the goal of the future smart grid (discussed later). 

e Finally, prevent energy wastage. Energy consumption should be economized to simplify life styles. 
Almost one-third of the total energy consumption in the world can be saved by this method. 


There are, of course, a few beneficial effects of climate change. These are the exploration of offshore 
Arctic oil and gas, opening of shipping routes through Arctic Ocean in the summer, recovery of new land 
and the economy of space heating in cold climates. 


1.4 Impact of Power Electronics on Energy Systems 


Now let us discuss why power electronics is so important today with regard to energy systems, particu- 
larly from the viewpoint of mitigating global warming problems. 


1.4.1 Energy Conservation 


The improved efficiency of power electronics-based energy systems has been discussed previously. The 
saving of energy gives financial benefit, particularly where the energy cost is high. In addition, lower 
energy consumption means reduced generation, which mitigates environmental pollution or global warm- 
ing problems. Power electronic control is obviously more efficient because of the switching mode oper- 
ation of power semiconductor devices. According to EPRI of the United States, nearly 60-65% of 
grid-generated energy in the United States is consumed by motor drives and 75% of these are pumps, fans 
and compressor-type drives for industrial applications. For these applications, the conventional method 
of flow control is by throttle or damper opening, where a coupled induction motor runs at a constant 
speed. This method causes a lot of energy wastage due to the fluid vortex. In such applications, a power 
electronics-based variable-frequency motor speed control with fully open throttle can save around 20% 
of energy under a light load. In addition, a converter-fed machine’s efficiency can be improved further by 
flux programming control at light load. Power electronics-based load-proportional speed control of air 
conditioner/heat pump can save energy by up to 20%. For example, the cost of electricity is high in Japan. 
For this reason, most Japanese homes use variable-speed air-conditioning to save energy. The extra cost 
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of power electronics is recovered within a short period. One popular application of power electronics in 
recent years is variable-frequency multi-megawatt drives in diesel-electric ship propulsion, which can 
save a considerable amount of fuel compared with that of the traditional diesel—turbine drive. The flexi- 
bility of equipment installation in a ship is an additional advantage. It is estimated that about 20% of grid 
energy in the United States is consumed in lighting. Power electronics-based compact fluorescent lamps 
(CFLs) are typically four times more efficient than incandescent lamps, besides having a 10 times longer 
life. Some countries in the world, such as Australia and Cuba, have already banned incandescent lamps. 
In the United States, they will be banned in the near future. Currently, solid-state LED lamps are being 
increasingly used, they consume 50% less energy than CFLs and have a five times longer life, but are 
more expensive. High-efficiency induction and microwave cooking also saves a lot of energy. The smart 
or intelligent grid of tomorrow will extensively use state-of-the-art power electronics, computers, and 
communication technologies, and will permit optimum resource utilization, economic electricity to cus- 
tomers, higher energy efficiency, higher reliability and improved system security. It has been estimated 
that the widespread efficiency improvement in power electronics and other methods with existing tech- 
nologies can save 20% of the global energy demand. Unfortunately, approximately one-third of global 
energy is simply wasted (particularly in the United States) because of energy being very cheap and people 
being affluent and have bad consumer habits. Eliminating such wastage by regulation or price increases 
can have a significant impact on climate change problems. 


1.4.2 Renewable Energy Systems 


It was mentioned earlier that renewable energy resources [7—9], such as hydro, wind, solar, biofuels, 
geothermal, wave and tidal powers, are environmentally clean (called “green energy”) and abundant 
in nature, and are therefore receiving very strong emphasis throughout the world. Scientific American 
recently published a paper by two Stanford University professors [10], which predicts that renewable 
energies alone (with adequate storage) can supply all the energy needs of the world. Another study by 
the UN IPCC reports that 50% of total world energy can be met by renewable resources by 2050. After 
the recent nuclear accident in Japan, both Japan and Germany are heavily emphasizing renewable energy. 
Wind and solar resources, which are heavily dependent on power electronics for conversion and control, 
are particularly important to meet our growing energy needs and mitigate global warming problems. 


1.4.2.1 Wind Energy 


In wind energy systems, the energy from the wind is converted into electricity through a generator that is 
coupled to a variable-speed wind turbine. Many old installations in the world use fixed-speed, cage-type 
induction machines. Figure 1.8 shows the torque developed in wind turbine as a function of speed at 
different wind velocities. If the wind velocity remains constant and the turbine speed is increased, the 
torque increases, reaches a peak value and then decreases. Superimposed on the family of curves is a set 
of peak constant power curves that are tangential to the respective torque—speed curves. For a particular 
wind velocity, the turbine speed can be varied so that it can deliver the maximum power (maximum 
aerodynamic efficiency) by maximum power point tracking (MPPT) control. The torque follows the 
traditional square-law characteristics with speed and the output power follows the cube law, as indicated 
in the figure. Figure 1.9 shows a typical variable-speed wind power generation system with an induction 
generator and two-sided PWM converters. The generator excitation is supplied by the PWM rectifier 
in order to maintain the excitation current or flux constant (or programmable, as desired). The vector 
control within the speed control loop (not shown) controls the excitation and active currents. The speed 
is programmed with the wind velocity by an MPPT control. The variable-frequency variable-voltage 
power is then converted to a constant voltage and frequency through a DC-link converter system before 
feeding to the grid. The line-side converter is responsible for maintaining the constant DC-link voltage, 
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Figure 1.8 Family of torque—speed characteristics for a variable-speed wind turbine at different wind velocities 
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Figure 1.9 Typical wind power system with two-sided PWM converters 


as shown. A simplified control using hysteresis-band current control is shown, although synchronous 
current control can also be used. A Scherbius type of drive with a doubly fed induction generator (DFIG) 
and slip power control can be used. Alternatively, a permanent magnet synchronous generator (PMSG) 
with diode rectifier/boost DC-DC converter/PWM inverter or a two-sided PWM converter system can 
be used. 

The world has enormous wind energy resources, and currently they are the most economic “green” 
energy. Stanford University estimates that only 20% of the available wind energy can meet all the electric- 
ity needs of the world. Recent technology advances in variable-speed wind turbines, power electronics, 
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and machine drives have made wind energy very competitive, almost equal to that of fossil fuel power. 
Wind and PV energy are particularly attractive to the one-third of the world’s population that lives out- 
side electric grids. Among the developing countries, for example, China and India have large expansion 
programs for wind energy. Currently, in terms of percentage energy consumption, Denmark is the leader 
with 25% wind energy, which is expected to rise to 40% by 2030. In terms of installed capacity, China is 
now the leader and the United States occupies second place (close to Germany and Spain), with a total 
penetration of barely more than 3% (this is because the US energy consumption is the highest in the 
world). The United States has the ambitious goal of increasing it to 20% by 2030. One drawback of wind 
energy is that its availability is sporadic in nature and may require backup power from fossil or nuclear 
power plants. Of course, surplus wind energy at high wind can be stored (storage will be discussed later) 
for lean-time utilization. Offshore wind farms generally offer higher energy output than onshore farms, 
although their installation and maintenance are more expensive. 


1.4.2.2 PV Energy 


PV devices (crystalline or amorphous Si, CdTe and copper indium gallium selenide) directly convert 
sunlight into electricity. The generated DC is then converted to AC and fed to the grid, or used in isolated 
load. In an autonomous system, there is usually a battery backup energy source. Figure 1.10 shows a 
typical configuration of a PV system, where a PV string consists of series—parallel combination of cells. 
The generated DC voltage is boosted by a DC-DC converter before inversion to AC by a PWM sinusoidal 
inverter. The DC-DC converter controls the maximum power output of the string by MPPT control. 
The channels are paralleled on the AC side and boosted in voltage by a transformer before connecting to 
the AC grid. A multilevel cascaded H-bridge (CHB) transformerless connection has also been proposed. 

The PV devices have the advantages that they are static, safe, reliable, environmentally clean (green) 
and hardly require any repair and maintenance like wind power systems. However, in the current state 
of the technology, PV energy is more expensive than wind energy (see Figure 1.14), but it truly depends 
on the installation cost and utilization factor. The cost of power electronics is less compared to that of 
the PV cell cost. Although, currently, PV energy is more expensive than that of solar thermal, with the 
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Figure 1.10 Typical configuration of photovoltaic system 
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present trend of aggressive research the price is falling sharply to be more competitive in the future. PV 
energy is expected to experience a significant expansion around the world. The IEEE asserts the ambi- 
tious prediction that by 2050 PV will supply 11% of the global electricity demand. With the present trend, 
it may not be surprising that PV power may exceed that from the wind in the future. The lifetime of a PV 
panel is typically 20 years, and conversion efficiency is typically 16% with the commonly used thin-film 
amorphous silicon. PV power has been extensively used in space applications (where cost is not a con- 
cern). Currently their applications are expanding to rooftop installations, off-grid remote applications 
and grid-connected installations. Japan is very determined with regard to PV research and applications, 
because it does not have much indigenous energy resources, and there energy is expensive. The recent 
accident at the Fukushima Daiichi nuclear reactors is now putting Japan’s shift of emphasis from nuclear 
to PV resources. Recently, China has been manufacturing PV cells very economically. Unfortunately, 
like wind, PV power is also statistical in nature and therefore requires backup energy sources or bulk 
storage of surplus power. The recent smart grid concept can shift the power demand curve to match the 
available power curve, as will be discussed later. Currently there are ambitious plans to explore solar 
energy from the African deserts such as the Sahara and the Kalahari through extensive PV installations, 
and then tying this to the European grid through HVDC transmission. 


1.4.2.3 Wave Energy 


Currently wave and tidal energies (often called ocean energy) [11] are receiving an emphasis, although 
these resources are considerably small. Wave energy tends to explore energy from the ocean surface 
waves that are induced by wind. The technology is yet in an infant stage. The ocean surface goes through 
up-and-down oscillatory movements due to waves, and the mechanical energy is converted into electrical 
energy by a wave energy converter (WEC). There are more than 1000 patents for WEC. One popular 
type is the Pelamis converter, shown in Figure 1.11, which was installed offshore Scotland (2004). In 
this scheme, a number of cylindrical sections of the Pelamis converter (anchored at the bottom of the 
ocean) are linked by hinged joints, which produce the up-and-down movement in order to pump oil by 
piston that drives a hydraulic motor. The motor is connected to a permanent magnet (PM) synchronous 
generator. The generated AC of an irregular waveform is rectified to DC, and a number of units are 
series-connected to boost the DC voltage. The DC is then inverted to AC for local supply or boosted by 
transformer for grid connection. 

However, the total available wave power is low and expensive (typically $4—$15/W), but the cost per 
kilowatt-hour is generally low. Wave power has the advantage that it is consistent and predictable, unlike 
wind and PV, but is vulnerable to bad weather conditions. The first experimental wave farm was installed 
in Portugal in 2008, with a capacity of 2.25 MW. The United States does not have wind power except 


Figure 1.11 Principle of wave energy by Pelamis wave energy converter [11] 
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for a small installation in Hawaii. Recently Oregon State University has been taking a lot of research 
initiative in this area. 


1.4.2.4 Tidal Energy 


Tidal energy [12] is another form of renewable energy that explores energy from tides due to the 
earth—moon gravitational attraction and the earth’s rotation. Lunar attraction has a 12-h cycle period, 
i.e., every 12-h period the water level reaches a peak level. Tidal energy can be classified into three 
different types, that is, tidal stream generator, barrage generator and dynamic tidal power. The world’s 
first commercial stream generator (1.2 MW capacity), which was installed in Ireland in 2007, is shown 
in Figure 1.12. The scheme uses a submerged axial flow water turbine (like a wind turbine) that rotates 
slowly in one direction and generates electricity through the coupled synchronous generator. In a tidal 
barrage scheme, the water is stored in a pond by a barrage at high tide. At low tide, the low potential 
head of the pond water drives a water turbine-synchronous generator to generate electricity. The world’s 
largest tidal barrage power station (254 MW) was installed in South Korea in 2011. The dynamic tidal 
power combines generation from up-and-down water flows across the barrage. The construction cost of 
the barrage and pond is high, and therefore exploration of this type of energy becomes expensive. The 
United States does not have any tidal power plants. 


1.4.2.5 Geothermal Energy 


For the completeness of renewable energy sources, geothermal energy [13] will be covered. Geother- 
mal energy is extracted from the thermal energy stored and generated within the earth. The evidence of 
this energy is volcanos, hot springs and so on. In the latter case, rain water seeps into the earth and is 
heated by geothermal energy. The stored energy comes from the earth and was created by the sun, and 
the generated energy comes from the radioactive decay of minerals within the earth. The geothermal 
energy source is limited and originates from the regional geothermal heat belts of the earth. There are 
three types of geothermal energy: one is direct use (or district heating system), where the energy flows 
naturally on earth’s surface (an example is a hot water spring). Another is geothermal heat pumps for 
home heating, where water is injected in a horizontal or vertical coil of pipes to absorb heat. In Iceland, 
for example, 93% of homes are heated by geothermal energy. The third is geothermal electricity, where 


Figure 1.12 Principle of tidal energy by tidal stream generator (1.2 MW plant in Ireland) [12] 
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Figure 1.13 Principle of geothermal electricity by flash steam plant 


water injected through a pipe transfers geothermal heat, and the generated steam runs a turbo-generator 
like a conventional steam power plant. There are three types of geothermal electricity: (1) dry steam 
plant, (2) flash steam plant and (3) binary cycle plant. 

Figure 1.13 shows the principle of geothermal electric power generation by a flash steam plant (most 
commonly used). In this method, water is injected in a pipe (may be 1 or 2 miles deep) and steam and 
hot water under pressure are collected in another pipe. The water is separated from the steam through a 
separator and recirculated and steam drives a turbine-generator system to generate electricity, as shown 
in the figure. In a dry steam plant, water is fully converted to dry steam, whereas in a binary cycle 
plant, hot water exchanges heat to a low boiling point fluid to convert it to steam for driving a turbine. 
Geothermal power is economic, reliable and always available unlike wind energy and solar energy. The 
cost is typically $3.00/W and $0.10/kWh. The worldwide production of geothermal energy is 10.7 GW 
(2010), and the United States is the world leader (3 GW). Interestingly, Iceland generates 100% electrical 
energy from renewable sources, of which 70% is by hydroelectric means and 30% is geothermal. 


1.4.2.6 Cost Comparison of Renewable Energy Sources 


Figure 1.14 shows a cost comparison of different renewable energy sources in a decreasing order of 
cost, but excludes wave and tidal energy. Solar PV is the most expensive, and solar thermal is very close 
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Figure 1.14 Cost comparison of renewable energy sources 


to it. The minimum cost of PV is shown as 18 cents/kWh, whereas the maximum cost is 43 cents/kWh. 
The cost depends on various factors, such as the cost of materials, land and labor, the length of day, 
weather conditions and so on. Although, currently the cost of solar thermal installation is lower than 
that of PV, it is expected that eventually with cost reduction PV usage will be much higher than solar 
thermal. The minimum cost of biomass, geothermal and offshore and onshore winds is almost the same, 
but hydroelectricity is the cheapest (4 cents/kWh). Offshore wind installation and maintenance costs 
are much higher than that of onshore installation, but electricity generation is also higher because of 
the strong and consistent winds, which balance the high cost. The cost of power electronics and grid 
connection is not included in the figure. 


1.4.2.7 FC Energy 


An FC is an electrochemical device, in which hydrogen is the gaseous fuel that combines with O, to 
produce electricity and water. FC stacks can be considered equivalent to series-connected low-voltage 
batteries. The DC voltage generated by the FC is boosted by a DC-DC converter, and then converted 
to AC by an inverter for AC power supply or other applications. The FC has the properties of high 
output resistance and sluggish transient response. H, can be generated from water by electrolysis (reverse 
process of FC) or from hydrocarbon fuels (gasoline and methanol) onboard through a reformer. An FC 
can be defined as a clean energy source if H, is generated from a clean energy source. FC is safe and 
static, and has a high efficiency (typically 54%). FC varieties are defined by the types of their electrolytes. 
These can be classified as proton exchange membrane FC (PEMFC), phosphoric acid FC (PAFC), direct 
methanol FC (DMFC) and solid-state FC (SOFC). All are commercially available, but PEMFC is the 
most economic with a high power density and low temperature (60—100°C), and therefore is important 
for FC-based electric cars. Although it is bulky and expensive in the present state of the technology, 
intensive R&D has recently reduced the cost of FC dramatically. Figure 1.15 shows the principle of an 
FC-based EV, and also summarizes the different methods of H, generation. In an FC vehicle, a PEMFC 
generates the DC power, which is boosted by a DC-DC converter (not shown) and then converted into 
variable-frequency variable-voltage power to drive the AC motor of the vehicle. Since FC cannot absorb 
the vehicle’s regenerative power, a battery or ultracapacitor (UC) is needed at the FC terminal (through 
another DC-DC converter (not shown)). The battery/UC also supplies power during acceleration because 
of the sluggish FC response. The H, fuel is supplied from a tank, where it can be stored in the form of 
cryogenically cooled liquid or compressed gas. H, is usually generated from water using electricity from 
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Figure 1.15 Fuel cell-based electric vehicle showing H, generation methods 


the grid, or from environmentally clean sources such as wind, PV, or nuclear. The O, for the FC is 
obtained from air through a compressor. 


1.4.3 Bulk Energy Storage 


As mentioned earlier, renewable energy sources such as wind and PV are statistical in nature, because 
of their dependence on weather conditions (and time of the day), and therefore require bulk storage of 
surplus energy to match the load demand curve (which is also fluctuating) on the grid. On the other hand, 
fossil and nuclear power plants (and also hydroelectricity) can easily adjust their generation to match 
fluctuating consumption patterns, and therefore storage may not be essential. However, bulk storage may 
be desirable for fossil and nuclear plants, considering extra energy losses due to no load or part-load 
operation. 
Grid energy storage [14, 15] methods can be briefly summarized as follows: 


1.4.3.1 Pumped Storage in Hydro Power Plant 


Hydroelectric generators can be used as motor pumps to pump water from a “tail” reservoir to a “head” 
reservoir and store it at high level using off-peak economic grid energy. During peak demand, the head 
water runs the generators, as usual, to supply the demand. It is possibly the cheapest method of energy 
storage, but is applicable with favorable site facilities. Otherwise it may be expensive. The typical cycle 
energy efficiency may be 75% and cost may be less than $0.01/kWh. Currently, there is over 90 GW of 
pumped storage facility around the world. 

Figure 1.16 shows an example of the 400 MW Scherbius drive for a variable-speed hydroelectric gen- 
erator and pump storage system (the world’s largest) of the Kansai Power Co. of Japan [16]. Normally a 
synchronous machine at constant speed is used as the generator. 

In a hydroelectric power system, the water head in the upstream reservoir normally varies widely. 
It can be shown that with variable head, if a constant speed machine is replaced by a variable speed 
drive (speed increasing with head), an efficiency improvement of as much as 3% can be obtained. In the 


Energy, Global Warming and Impact of Power Electronics in the Present Century 17 


Power system 
60 Hz 500 kv 


Cycloconverter 
72 MVA 
Rotor 
(cylindrical) 
Generator/motor 


400 MW 
Stator 


Pump turbine 
(Francis type) 


Figure 1.16 400 MW Scherbius drive for variable-speed hydroelectric generator and pump storage system [16] 


daytime, the drive runs as a generator feeding power to the 500 kV grid. The DFIG speed varies from 
sub-synchronous (330 rpm) to super-synchronous mode (390 rpm) as the water head increases. During 
night time, when utility demand is low and surplus grid power is available, the machine runs as a variable 
speed motor to pump water from the tail to the head storage. In pumping mode, the range of speed is the 
same. Note that the lagging RKVA of the cycloconverter can be canceled by the leading reactive kilovolt 
amperes (RKVA) of the machine stator so that the total power factor can be unity. In a modern drive, the 
cycloconverter can be replaced by a two-sided PWM converter system. 


1.4.3.2 Battery Storage 


The battery has been the most common form of energy storage in the grid. In this method, electrical 
energy from the grid is converted to DC and stored in a battery in chemical form. Then, the stored energy 
is retrieved through the same converter system to feed the grid. Although very convenient, with a high 
cycle efficiency (typically 90%), battery storage is possibly the most expensive (typically >$0.1/kWh). 
Historically, lead-acid batteries have been used extensively, but recently NiCd, NaS, Li-ion and vanadium 
redox flow batteries are finding preference. For example, GE installed a 10-MVA lead-acid battery storage 
in the Southern California Edison grid in 1988. The world’s largest battery storage was installed by ABB 
at Fairbanks, Alaska, in 2003, which uses a NiCd battery with a capacity of 27 MW for 15 min. Flow 
batteries have a fast response and can be more economic in large-scale storage, but the “chemical plant” 
is complex with continuously circulating electrolyte by pumps. 

Figure 1.17 shows the battery storage system in the Southern California Edison grid [16]. Basically, 
it is an 18-step GTO-based phase-shifted square-wave converter system with harmonic neutralization. 
The system fabricates an 18-step output voltage wave by using three groups of H-bridges, where the 
second and third groups have a 20° and 40° phase lead, respectively, with respect to the first group. 
The transformer secondary connections with 15 segments fabricate the 18-step voltage wave to neu- 
tralize the harmonics (17th, 19th, etc.) and boost the output voltage, and the capacitor bank filters the 
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Figure 1.17 10 MVA utility system battery storage 
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harmonics. The converter system can operate as a SVC, static var generator (SVG), or static synchronous 
compensator (STATCOM) (leading or lagging) that can regulate the bus voltage and stabilize the power 
system. In modern installations, multilevel converters can be used. 


1.4.3.3 Flywheel (FW) Storage 


In this form of storage, electrical energy from the grid is converted into mechanical energy through 
a converter-fed drive system that charges an FW, and then the energy is retrieved by the same drive 
operating in generating mode. The FW can be placed in a vacuum or H, medium, and active bearing 
can be used to reduce the energy loss. Steel or composite material can be used in FW to withstand 
the high centrifugal force due to the high speed. FW storage is more economical than battery storage 
($0.05/kWh) and has been used before, but mechanical storage has the usual disadvantages. The drive 
system in Figure 1.16 has been used to construct an FW storage system. 


1.4.3.4 Superconducting Magnet Energy Storage 


In the superconducting magnet energy storage (SMES) method, grid energy is rectified to DC that charges 
an SMES coil to store energy in magnetic form. Then the energy is retrieved by the reverse process. The 
coil is cooled cryogenically so that dissipation resistance tends toward zero, and then the energy can 
be stored indefinitely. Either liquid helium (0°K) or a high-temperature superconductor (HTS) material 
in liquid nitrogen (77°) can be used. The cycle efficiency can be higher than 95%. This type of energy 
storage is very expensive. 


1.4.3.5 UC Storage 


This is an energy storage device like an electrolytic capacitor (EC), but its energy storage density can 
be as much as 100 times higher than that of EC. UCs are available with a low-voltage rating (typically 
2.5 V), and capacitor values can be very high (up to several thousand farads). The units are connected in 
series—parallel for higher voltage and higher capacitance values. However, the watt-hour per kilogram of 
UC is low compared to that of a battery. The power density (W/kg) of UC is very high, and a large amount 
of power can cycle through it without causing any deterioration. It is a good temporary storage device in 
an FC car, as shown in Figure 1.15. UCs are presently very expensive for bulk grid energy storage. 


1.4.3.6 Vehicle-to-Grid Storage (V-2-G) 


This is a new method for bulk energy storage, assuming that a large number of EV batteries are plugged 
into the grid. An EV can sell electricity to the grid during peak demand and then charge a battery during 
off-peak hours. V-2-G technology can be used, turning each vehicle with its 20-50 kWh battery pack 
into a distributed load-balancing device or emergency power source. However, charge—discharge cycles 
can shorten the battery life. 


1.4.3.7 H, Gas Storage 


H, can be used as a bulk energy storage medium, and then used in FC or burnt as fuel in an ICE. This 
idea has generated the recent concept of hydrogen economy, i.e. H, as the future clean energy source. 
H, can be generated from abundantly available renewable energy sources like wind and PV, and stored as 
compressed or liquefied gas as a high density fuel. Of course it can also be generated from hydrocarbon 
fuels with underground sequestration of undesirable CO, gas. Bulk H, production using biomass and its 


20 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


underground storage in caverns, salt domes and depleted oil and gas fields are now being investigated. 
The overall energy efficiency of H, storage cycle may be 50% to 60%, which is lower than that of battery 
or pumped storage systems. 


1.4.3.8 Compressed Air Storage 


Compressed air storage is another grid energy storage method, where electricity is used to compress air 
through a variable speed drive and store it underground. When the electricity demand is high, compressed 
air is heated with a small amount of natural gas and then burnt in a gas turbine to generate electricity. 
The scheme has been used in Europe. 


1.5 Smart Grid 


Currently, in the United States and some European countries there is a tremendous stimulus of R&D activ- 
ities in smart or intelligent grid [17]. Unfortunately, our present power grid system is too old, obsolete, 
and inefficient and presents inadequate protection for faults. What is a smart grid? A smart grid is basi- 
cally an advanced electric power grid of tomorrow, integrating the advanced state-of-the-art technologies 
of power electronics, computer and communication. The objectives of a smart grid can be summarized 
as follows: 


e Optimum resource utilization 
e Economic electricity distribution to customers 
e Higher energy efficiency 

e Higher system reliability 

e Higher system security 


The basic concept of the smart grid is explained in Figure 1.18. The smart grid will integrate dis- 
tributed renewable energy systems, such as wind, PV, etc., along with bulk power generation plants 
(hydro, nuclear, and fossil fuel power sources). The future power grid will also integrate bulk energy 
storage systems, such as pumped storage, battery, FW, UC, H,, etc., because renewable resources are 
fluctuating in nature, and due to the fluctuating nature of consumer demand. One of the most important 


Distributed bulk energy storage 
systems 
(battery, FW, UC, Ha, etc.) 


Supply—demand interactive 
energy management 


Figure 1.18 Concept of smart grid 
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elements of the smart grid is its supply—demand interactive energy management. Normally, in a grid the 
energy generation follows the fluctuating consumer’s demand. This causes surplus generation capacity 
in off-peak hours and a shortage of generation at peak demand hours. Using advanced smart metering, 
the demand curve can be controlled (demand-side energy management) to match the available genera- 
tion capacity. This means that some loads (such as EV battery charging, operation of washer/dryer, dish 
washer) can be programmed to operate in off-peak hours, with the incentive of lower tariffs to consumers. 
Ideally, if the demand curve matches the available supply curve and there is no fault in the system, no 
bulk storage or spare system capacity is needed. This results in optimum resource utilization. In a smart 
grid, when demands are established at certain grid points, optimum generation of the resources and the 
electricity flow paths can be programmed for the most efficient supply of electricity to the consumers. Of 
course, bus voltages and system frequency should always be maintained within tolerance limits. A smart 
grid can use power electronics-based HVDC transmission, FACTS, STATCOM, UPS, etc. to achieve the 
objectives mentioned above. Smart grids will help us gradually transition to a carbon-free society. 


1.6 Electric/Hybrid Electric Vehicles 


The shortage of oil and environmental pollution problems are the main reasons for the worldwide R&D 
activities in EV/HEV over more than the last three decades. Of course, replacing ICE-based vehicles by 
EV/HEYV also helps solve the climate change problem. 

Figure 1.19 shows a typical EV drive system [18], where a battery (lead-acid 204 V) is the energy 
storage device. The DC from the battery is converted to variable-frequency variable-voltage AC by a 
PWM inverter to drive an AC motor (induction or synchronous). The particular drive system (GE-ETXI]) 
using interior permanent magnet (IPM) synchronous machine (NdFeB, 70 hp) and vector control, was 
developed by the author while employed at GE. The IPM motor has better efficiency, a reduced size and 
higher field-weakening speed control range. In EV, the braking energy is easily regenerated to recharge 
the battery, which improves the energy efficiency. 

In a HEV, the battery is the energy storage device. This is assisted by a power device which is usually a 
gasoline ICE. While range is the main problem in pure EV, there is no such problem in HEV. Figure 1.20 


Inverter/motor 
controls 


Figure 1.19 Electric vehicle drive with IPM synchronous motor (GE-ETXII) 
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Figure 1.20 Hybrid electric vehicle drive system for Toyota Prius II (2004) 


is an example configuration of the HEV drive of the popular Toyota Prius II. The axle drive power 
can be supplied either by an IPM synchronous motor (IPMSM) (50 kW, 500 V) or engine (57 kW at 
5000 rpm), or both. The motor gets the drive power from a Ni-Mh battery (201.6 V, 1.2 kWh, 21 kW) 
through an IGBT inverter, which also gets the braking power from the motor. The battery has a boost 
DC-DC converter (not shown) to raise the DC voltage. There is no EV driving mode, but the battery 
assists motor acceleration and hill climbing, and (partially) absorbs the braking energy. It is charged by 
the engine/generator (non plug-in). 

The power electronics and motor drive technology for EV/HEV is somewhat mature, with reasonably 
low cost. However, battery technology is not yet mature. The battery is expensive and bulky, with a large 
weight and limited cycle life, and charging takes several hours. Although Ni-Mh batteries have been 
extensively used, more recently improved Li-ion batteries are becoming available on the market. The 
latter has a higher storage density than the former, but is more expensive. It appears that Li-ion battery 
is the battery of the future, and currently there is strong emphasis on its research in the United States. 
HEVs are expected to disappear from the market as battery technology matures, when economic EVs 
with long range become available. 

Currently, a number of EVs and HEVs are commercially available on the market. Among the HEVs, 
currently the Toyota Prius II is the most popular. Soon, a plug-in (chargeable from outlet) version with 
a Li-ion battery will be introduced that will give a pure EV mode of driving. Currently, Tesla Roadstar 
in the United States sells an EV (Li-ion battery, 215 kW, 3.5h charging, 245 mile range) at a very high 
price. The battery life is typically 100000 miles. Some examples of recent introductions to the market 
are the Nissan Leaf and Chevy Volt, both of which use a Li-ion battery. Leaf is a pure EV with a 100 
mile range, the Volt is an HEV, for which the battery can either be charged by the ICE or from an outlet 
(plug-in). In pure EV mode, the range is only 40 miles, but this can extend to 360 miles with ICE charging 
of the battery. 


1.6.1 Comparison of Battery EV with Fuel Cell EV 


The R&D for both battery EV and FC EV are currently progressing simultaneously, and it is worth 
making some comparisons between the two types of EV. Figure 1.21 presents this comparison [19] in 
terms of the present technology for mass production with identical (300 mile) range, assuming that both 
deliver 60 kWh to the drive wheels. The battery EV is assumed to receive charging from wind energy 
(although currently it is mostly from coal or nuclear), which is required to supply 79 kWh with a power 
line efficiency of 92%, battery charging efficiency of 89%, battery efficiency of 94% and drive train 
efficiency of 89%, as shown in the figure. Typically, 6 kWh of regenerated energy is assumed in this 
calculation. The total energy efficiency of battery EV is calculated as 68%. The estimated cost of the 
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Figure 1.21 Comparison of battery EV with fuel cell-based EV (300 miles range) 


vehicle is shown as $20 000 with a battery cost of $0.16/W and $250/kWh. The FC EV is also assumed 
to obtain its energy supply from wind turbines. Considering the efficiency figures of the FC EV line, the 
total energy efficiency is only 30%, which means that 202 kWh needs to be supplied from wind turbines. 
The corresponding cost figures for FC EV are indicated in the figure. Note that the auxiliary storage of 
the FC EV has been ignored for simplicity. Therefore, its cost figure is somewhat optimistic. In summary, 
the FC EV is 38% less efficient, has 43% more weight and is 50% more expensive compared to that of the 
battery EV. Due to these disadvantages, FC EV research has recently been considerably reduced in the 
United States. 


1.7 Conclusion and Future Prognosis 


This chapter gives a brief but comprehensive review of the world’s energy resources and climate change 
problems due to fossil fuel burning, along with possible solutions or mitigation methods. Then, it dis- 
cusses the impact of power electronics on energy conservation, renewable energy systems, bulk storage 
of energy and electric/hybrid vehicles in the present century. Although tidal and geothermal powers 
may not use power electronics, these are included for the completeness of the discussion on renewable 
energy systems. 

Power electronics has now emerged as a major area in electrical engineering and considering the satu- 
rating trends of the technology, the present century will find significant emphasis on its applications. It is 
now tending to integrate with the “classical” power engineering domain. It appears that the role of power 
electronics in the future will be as, if not more, important and versatile as computers and information 
technology today. It also appears that computers, information technology, power electronics and power 
systems will integrate, creating a complex interdisciplinary technology. This trend is becoming evident 
in the emergence of smart grid technology. 

What are the future trends of power electronics technology? As the technology is maturing, we will find 
an increasing emphasis on application-oriented R&D in converter system modularization, system mod- 
eling, system analysis, computer simulation, design and experimental evaluations. This trend is already 
evident in recent literature publications. In general, some advances and trends in power electronics 
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can be mentioned as follows. In power semiconductor devices, IGBT has now emerged as the domi- 
nant device in medium- to high-power applications, whereas power MOSFET is universal in low-power 
high-frequency applications. The IGCT is tending to lose competition with IGBT in the high power 
area. The traditional silicon-based bipolar junction transistors (BJTs) and GTOs are already obsolete 
and thyristors indicate a trend toward obsolescence in the future. Large bandgap devices (such as SiC 
and GaN) are expected to bring major evolution in the usage of power electronics, particularly in high 
power for large drives and utility system applications. SiC-based Schottky diodes and power MOSFET 
half-bridges (with freewheeling diodes) at higher power are already available on the market. In fact, 
SiC MOSFETs with voltage ratings up to 6kV, when available, will make most Si-based power devices 
obsolete. High-voltage high-power SiC MOSFET (up to 10 kV), IGBT (up to 25 kV), GTO (up to 40 kV), 
junction barrier Schottky (JBS) diode and P-I-N diode (up to 10 kV) are presently in the R&D stage and 
their emergence will create a significant impact on high-power applications of power electronics. Cur- 
rently, the replacement of high-power bulky 60-Hz transformers by solid-state high-frequency-link power 
transformers with SiC devices is being attempted. The emerging GaN-on-Si power devices have all the 
advantages of SiC devices, but show significant potential for cost reductions. 

Power quality and lagging displacement power factor (DPF) problems are gradually making the 
classical phase-controlled power electronics, which reigned for so long, obsolete and promoting PWM 
line-side active converters. Of course, active harmonic filters (AHF) and static var compensators tend 
to mitigate the problems of classical power electronics with diodes and thyristors. In the author’s 
view, harmonic problems will be nonexistent in future power electronic systems and thus AHF will 
become obsolete. Among all the classes of converters, the voltage-fed type will become universal, 
replacing the present current-fed and cycloconverter classes. The Z-source class of inverters, which are 
recently showing a lot of visibility in the literature, is expected to have a doubtful future. Multilevel 
voltage-fed converters are showing increasing popularity in high-voltage high-power utility systems 
and drive applications. CHB topology has the advantages of modularity and fault-tolerant applications. 
Traditional matrix converters (also known as Venturini converters) using AC switches have been on and 
off many times since their invention in the 1980s and in the author’s view its future promise appears 
to be bleak. The space vector modulation (SVM) technique is becoming increasingly popular over 
sinusoidal PWM and currently there is a trend toward SVM algorithm simplification for multilevel 
converters. The traditional resonant-link-based soft-switched converters for motor drives and other 
high-power applications have evidently lost all their promise, despite their technology evolution for 
a prolonged period of time. The future emphasis on converters will be mainly on modularization 
and system integration — similar to the trend of (very large-scale integration (VLSI) technology of 
microelectronics. Power electronics will evidently play a very important role in the smart grid, as 
discussed previously. With the increasing emphasis on distributed renewable energy sources and the 
installation of bulk energy storage devices, maintenance of system frequency and bus voltages with 
optimum resource utilization, economic electricity supply to consumers, high system energy efficiency, 
high system reliability and fault-tolerant operation, extensive system studies will be required. 

With regard to electrical machines, although nearly a mature technology, incremental research will 
continue on performance optimization, precision parameter estimation, fault diagnosis and fault-tolerant 
control. With increasing energy costs, permanent magnet synchronous motors (PMSMs) (with NdFeB 
magnet) will find increasing acceptance, although they are more expensive than induction machines. 
IPMSM is principally more attractive because of its field-weakening capability for extended speed 
operation and efficiency improvement (by flux programming) under light load operation in a constant 
torque region. If magnet costs become sufficiently low, PMSMs will dominate over induction motors 
in general industrial applications. Axial flux PMSMs are expected to find applications in direct 
drives, particularly in wind generation systems and electric vehicles. Again, for very high-power 
applications, wound-field synchronous motors (WFSMs) will remain popular. In the author’s view, 
switched reluctance motor (SRM) drives do not show any future promise in the majority of industrial 
applications and has a trend toward obsolescence. The majority of electrical machines are expected to 
have converters in the front end in the present trend of decreasing converter cost and modularization, 
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and integrated machine-converter-controller (particularly in lower end of power) remains a definite 
trend. Again, slip power recovery drives that use DFIG with slip rings and reduced converter ratings 
for partial range speed control range will tend toward obsolescence. Currently, they are popular 
in wind generation systems. Among all the drive control techniques, the scalar control techniques 
(including direct torque control) will tend to become obsolete and vector control will emerge as the 
universal controller. The cost difference in the complex vector drive and simple scalar control is barely 
noticeable because only the software is more complex in the former, whereas the control hardware 
essentially remains the same. MATLAB/Simulink-based simulation, particularly real-time simulation 
with hardware-in-the-loop (HIL), is recently receiving more emphasis. Although the sensorless vector 
drive is already commercially available, zero-speed (or zero-frequency) precision speed or position 
estimation remains a challenge because of the need for machine saliency, complex signal processing 
with externally injected signal and precision machine parameter estimation problem. This estimation 
is more complex for induction machines compared to that of PMSM (which has built-in saliency). 
However, zero-frequency sensorless PMSM drives have recently been used in commercial drives. 
Online fault diagnosis and the fault-tolerant control of converter-machine systems is an important 
R&D area, which will have increasing emphasis in the future. With the present trend for digital signal 
processor (DSP) and field programmable gate array (FPGA) (or application-specific integrated circuit 
(ASIC)), the single chip control of sensorless vector drive with fault-tolerant control is not far away. 
As artificial intelligence technology matures, intelligent control and estimation (particularly based on 
neural networks) will find increasing acceptance in power electronic systems. With the maturing DSP 
and FPGA technologies, the predictive control of power electronic systems based on plant models and 
system variables with the well-known developed theory are showing a comeback for enhanced system 
performance. Finally, R&D in FCs, PV cells, batteries, passive circuit components, high-temperature 
superconductivity (HTS), DSPs and ASIC chips will significantly impact on power electronics evolution 
in this century. 
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Challenges of the Current Energy 
Scenario: The Power Electronics 
Contribution 


Leopoldo G. Franquelo, Jose I. Leon and Sergio Vazquez 
Department of Electronic Engineering, University of Seville, Seville, Spain 


2.1 Introduction 


The current energy scenario is becoming increasingly complex, and the need for an intelligent grid is 
ever more urgent. This has introduced several challenges to be solved, such as the interconnection of 
different sub-grids, the requirement of maintaining power quality above some limits, the improvement 
of grid stability, the integration of clean energy generation and the use of efficient high power and energy 
storage systems (ESSs). 

Currently, the power grid is changing continuously, being adapted to fulfill minimum requirements in 
terms of nominal power, stability and reliability [1—3]. The increasing demand for energy by industry 
and housing requires the commissioning of new power plants or the purchase of energy from neighboring 
regions or countries. This necessitates the implementation of a highly meshed decentralized energy distri- 
bution grid, which allows the interconnection of power systems with different natures and from different 
regions. Multiple interconnections between different grids are currently required but this leads to some 
challenges, such as the stability and reliability of the overall energy generation and distribution system. 

In addition, hazardous nuclear waste, the effects of global warming and CO, emissions from the burn- 
ing of fossil fuels are factors against the installation of such power systems, which drives the development 
of new sources of energy generation. The main objective of these new systems is to generate electricity 
efficiently with a minimum impact on waste. In this sense, renewable energy sources have contributed 
in a fundamental way at the expense of introducing a stochastic behavior into the power grid owing to 
the inconsistent nature of the energy source. Thus, the integration of new renewable energy sources into 
the grid (mainly wind power and photovoltaic (PV) plants during recent decades) has led to the devel- 
opment of a highly decentralized distributed energy system with a large number of energy generation 
plants. The modern distributed structure of a power grid is shown in Figure 2.1. This structure presents a 
highly meshed network, medium-to-high integration of renewable energies and an adequate connection 
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Figure 2.1 Modern scenario of the electrical grid 


between different sub-grids. In this chapter, the concept of a new distribution grid is presented. This 
new structure solves the problems typical of the classical power grid through the extensive use of power 
electronic converters. 

Power electronic converters offer efficient solutions that can be applied to the new smart distributed 
energy grid concept. This chapter reviews briefly the current scenario where power electronic converters 
are being applied. The focus moves toward energy transportation and distribution systems, renewable 
energy sources, the transportation sector and ESSs, reviewing the different alternatives and topologies 
already in existence as industrial products or still as lines of research in academia. 


2.2 Energy Transmission and Distribution Systems 


Demand for electrical energy has grown in such a way that it is pushing the existing energy transmis- 
sion and distribution systems to their limits. In this scenario, new challenges have appeared to electrical 
and electronics power system engineers. In order to ensure static and dynamic power system stability, 
new technologies have been adopted or are being developed. These new systems include flexible AC 
transmission systems (FACTS) devices and high-voltage DC (HVDC) transmission lines. 


2.2.1 FACTS 


FACTS are defined by the IEEE as “Alternating Current Transmission Systems incorporating power 
electronics-based and other static controllers to enhance controllability and power transfer capability” [4]. 
Over the years, FACTS devices have been used conventionally in transmission and distribution for solving 
steady-state control problems in the power system, such as voltage regulation and the optimization of 
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Figure 2.2 Reactive power compensation principles: (a) system without compensation, (b) shunt compensation 
principle, (c) and series compensation principle 


power loading in transmission lines by power flow control over specific transmission routes and the 
enhancement of transfer capability of the lines. However, new developments in power semiconductors 
and converter topologies have led to the use of FACTS controllers for solving dynamic stability problems 
of the power systems, in addition to the static stability and power flow control tasks [5-8]. 

Figure 2.2 shows the effects of shunt and series reactive power compensation in a basic transmission 
line. The system without compensation together with its phasor diagram is represented in Figure 2.2a. 
The power system is formed by a voltage source (V,), the equivalent transmission line modeled with an 
impedance (Z = R + jX) and an inductive load. From this phasor diagram, it is clear that the line current (Z) 
can be reduced or minimized only if the active current (/,) flows through the transmission line. The main 
benefits are a reduction of power losses in the transmission line, an improvement of voltage regulation 
at load terminals and an increase in the active power transmission capability through the transmission 
line. The reactive power compensation can be performed by using passive components (capacitors or 
reactors) or, more recently, by using voltage source converters (VSCs). However, shunt compensation 
can be represented by a current source connected at the load terminals, as shown in Figure 2.2b and series 
compensation can be described by using a voltage source added between the line and the load, as shown in 
Figure 2.2c. The shunt compensation is performed by the FACTS device by supplying the reactive current 
(lo) near the connection point of the load. On the other hand, the series compensation is accomplished by 
the FACTS device by modifying the equivalent impedance of a power line and, therefore, by changing 
the voltage at the load side [9]. 
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Figure 2.3 Thyristor-based FACTS devices: (a) SVC and (b) TCSC 


Regarding the power semiconductor technology used for their implementation, FACTS devices can 
be classified as thyristor-based and gate-controlled-based var compensators [9]. The thyristor-based 
var compensators use fixed capacitor and reactor banks working together with thyristor switches in 
shunt or series circuit arrangements. The switching of the power semiconductor device is controlled 
in order to achieve variable reactive power exchange, which includes static var compensators (SVCs) 
formed by groups of thyristor-switched capacitors (TSCs), thyristor-controlled reactors (TCRs) 
and thyristor-controlled series capacitors (TCSCs). The schematics of these devices are shown in 
Figure 2.3 [9]. These FACTS devices can be considered a mature technology because they have been 
analyzed and improved in real power system applications since their introduction. For instance, it is 
possible to find references to them from as early as 1971 [10]. 

The gate-controlled-based var compensators use VSCs built with gate-controlled power switches, 
such as gate turn-off (GTO) thyristors, insulated-gate bipolar transistors (IGBT), or integrated 
gate-commutated thyristors (IGCT). The firing pulses of the power semiconductors are defined in order 
to control the amount of reactive power generated or absorbed by the power converter. In this way, 
they can provide capacitive or inductive behavior without requiring large banks of AC capacitors or 
reactors; therefore, there is no necessity for extra devices. The most common VSC-FACTS are the 
static synchronous compensator (STATCOM), the static synchronous series compensator (SSSC), the 
dynamic voltage restorer (DVR) and the unified power flow controller (UPFC). Representations of these 
devices are shown in Figure 2.4. 

The VSC-FACTS devices are technology in development. One of their most significant advantages 
compared with thyristor-based compensators is the reduction of size and cost because of the reduc- 
tion or elimination of large passive components. In addition, their most interesting characteristic is that 
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Figure 2.4 VSC-FACTS devices: (a) STATCOM, (b) SSSC, (c) DVR and (d) UPFC 


VSC-FACTS present faster dynamic response compared with their thyristor-based counterparts. Thus, 
VSC-FACTS devices can be applied to existing problems in the power system that cannot be solved by 
using conventional technology, such as dynamic stability problems, or low-voltage ride-through (LVRT) 
capability for wind turbines or PV plants [11, 12]. Much research effort has been expended on establish- 
ing a proper power converter topology for each application and on developing high-performance control 
algorithms and modulation techniques suitable for these applications [13]. Despite this, several chal- 
lenges still require study in order for this technology to achieve maturity. For instance, the connection of 
VSCs to high-voltage systems is not straightforward owing to the limited reverse voltage blocking capa- 
bility of the current silicon-based switches (GTO, IGBT, or IGCT). In the near future, switches based on 
wide-bandgap materials could alleviate this problem. However, when using the available silicon-based 
switches, the problem can be solved by using multilevel power converter topologies, which appear to be 
the most suitable solution [14—16]. In addition, grid connection of VSC-FACTS is not a trivial issue from 
the perspective of control and modulation strategies. Thus, new modulation techniques have appeared 
to deal with the problem of DC-link voltage balance for multilevel converters [17—19], and new control 
algorithms have been proposed to achieve precise active and reactive power command tracking under 
balanced or unbalanced input grid conditions [20-23]. 
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2.2.2 HVDC 


HVDC transmission systems can be considered a mature technology because the first commercial instal- 
lation appeared in 1954 [24]. Although AC transmission lines are most commonly used, HVDC systems 
offer several advantages over AC electrical energy transmission under certain conditions. From the tech- 
nical point of view, the following issues can be identified: 


e The amount of power that can be transferred in an HVDC system is constant with distance, whereas 
in high-voltage AC (HVAC) lines, the power transmission capability is reduced as the length of the 
line increases. 

e It is not possible to connect directly two AC systems with different fundamental frequencies. 

e When economic costs are considered, there is a critical distance beyond which the investment cost for 
building new HVDC transmission lines is less than that for its AC counterpart. Although this length 
depends on the rated power of the transmission lines, typical values are 600-800 km for overhead 
lines and 25—50 km for undersea installations. 

e There are environment aspects of HVDC that are also better compared with AC transmission systems, 
such as lower visual impact and space requirements [25]. 


HVDC installations include several devices. Among them, one of the most important is the power 
electronic converter. As for FACTS devices, the power semiconductor technology used for building the 
power converter can be thyristor-controlled or gate-controlled power switches [26]. 

Thyristor-based HVDC systems use line-commutated current source converters (CSCs) as the pre- 
ferred technology, as presented in Figure 2.5a. This technology has been used since the earliest instal- 
lation and it is considered mature and well established for high power developments, typically over 
1000 MW. 

Gate-controlled-based HVDC power converters are built using gate-controlled power switches, such 
as GTO thyristors, IGBT, or IGCT. They adopt force-commutated VSCs as the key technology, as shown 
in Figure 2.5b. At the current state of development, VSC-HVDC is used for a power range of around 
300-500 MW. For this reason, its applications are the in-feed to small isolated remote loads and city 
centers, and the grid connection of remote small-scale and offshore generation [27]. 

Depending on the rated power range of the transmission line, different HVDC technologies can be 
chosen. In addition, the application and location of the transmission system define the most suitable 
configuration of the HVDC system. Different valid configurations can be described for systems built 
with CSC-HVDC or VSC-HVDC technologies [25, 26]. The simplest configuration is a back-to-back 
system, as presented in Figure 2.6a. This is the choice when both HVDC power converters are located in 
the same substation and when there is no need for a DC-link cable over a long distance [28, 29]. When it 


Figure 2.5 HVDC technologies: (a) CSC-HVDC and (b) VSC-HVDC 
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Figure 2.6 HVDC line configurations: (a) back-to-back, (b) monopolar and (c) bipolar 


is necessary to transport the energy over a long distance, there are two possible choices: the monopolar 
and bipolar configurations. In monopolar HVDC systems, the power converters are connected using a 
single conductor line, as shown in Figure 2.6b. The polarity can be positive or negative and the returned 
current can be transmitted using the ground or a small metallic conductor. This configuration is very 
suitable for undersea energy transmission as in the connection of offshore wind farms to the grid [27]. 
The bipolar HVDC configuration is the preferred choice for the transportation of bulk power. It is 
the most common configuration used in overhead HVDC transportation lines. Its main advantage is 
reliability. In this case, the power converters are connected using two conductor lines, as illustrated in 
Figure 2.6c. Each pole has a positive polarity and a negative polarity; thus, the system can be viewed 
as the union of two monopolar systems. If one cable runs out of service, the other pole can continue to 
transmit power independently [30, 31]. 
Comparing VSC-HVDC with CSC-HVDC, the following characteristics can be noticed: 


e In the power converter of the VSC-HVDC, the active and reactive power can be controlled indepen- 
dently; therefore, no reactive compensation equipment is needed at the converter stations. 

e Using VSC-HVDC, if a suitable converter topology is chosen, the use of converter transformers can be 
avoided. Much research effort has been expended on analyzing different multilevel converter topolo- 
gies, such as neutral point clamped (NPC), active NPC (ANPC), or multimodular converter (MMC) 
[26]. The VSC-HVDC system based on the MMC topology, represented in Figure 2.7, has several 
advantages over conventional VSC topologies [32]. 

e VSC-HVDC presents a low short-circuit level; thus, after major blackouts, it can be used to start up 
weak AC networks that lack generation. 
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Figure 2.7 VSC-HVDC based on MMC topology 


e Using VSC-HVDC, active power in the DC line can be controlled in the full range between 0% and 
100%. This a major advantage over CSC-HVDC, which has a minimum power level that can be 
transferred. 

e VSC-HVDC needs smaller AC filters for the elimination of harmonics than CSC-HVDC [25]. 


2.3 Renewable Energy Systems 


The effects of global warming, the necessary reduction in contaminant emissions and the huge depen- 
dence on fossil fuels (becoming increasingly expensive) have led, over recent decades, to the development 
of new energy sources based on renewable systems. In fact, the European Union presented a plan for 
the period 2011-2020 to establish the lines for the development of renewable energy sources, emissions 
reduction and energy efficiency. The targets addressed by this plan to be achieved by 2020, usually called 
20/20/20, are as follows: 


e 20% reduction in greenhouse gases to below the values of 1990 
e 20% of energy consumption must be generated by renewable energy sources 
e 20% reduction in consumption of primary energy 


It must be noticed that in 2010, these objectives were far from being achieved and, thus, remain a 
significant challenge for the European governments. In fact, in 2010, the share of renewable energy in 
the gross final energy consumption was 12.5% and the economic crisis in Europe will make it even more 
difficult for the proposed targets to be achieved. 

The main renewable energy sources are as follows: 


e Hydroelectric energy 
e Geothermal energy 
e Wind energy 
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Solar energy (PV or thermal) 
Wave energy 

Tidal energy 

Biomass 

Other alternative sources 


A classification of the current renewable energy sources is presented in Figure 2.8, where they are 
classified depending on their nominal power, the usual power converters and corresponding power semi- 
conductors required for the grid integration (if necessary), the availability of the renewable energy source 
and the corresponding technology trend. 

Currently, and steadily gaining in prominence, renewable energy sources play an important role in the 
energy generation market, even considering the sudden braking effect caused by the global economic cri- 
sis. Illustrating this fact, the Energy Information Administration (EIA) (Official Energy Statistics from 
the US Government) estimates that in 2011 about 10% of the worldwide marketed energy consumption 
was from renewable energy sources (hydropower, biomass, biofuels, wind, geothermal and solar) with a 
projection of it reaching 14% by 2035. In addition, the EIA estimates that in 2011 about 19% of world- 
wide electricity generation was from renewable energy with a projection of it being nearly 23% by 2035. 
For instance, in Spain, 32.4% of the energy consumed during 2011 was generated by renewable energy 
sources, constituting the most important energy source of the year. 

Among the renewable energy sources, hydroelectric energy plays the most important role, providing an 
important percentage of the renewable power generation. The contribution of renewable energy sources, 
such as wind energy, PV energy and wave energy, is currently limited compared with hydroelectric power. 
However, worldwide wind power capacity increased by 20% in 2011, achieving around 238 GW. China 
was the leader and accounted for almost 44% of the global market, followed by the United States and 
India, while Germany remained the largest market in Europe. However, it should be stated that although 
its market share remained relatively small, the offshore wind sector continued to expand with the use of 
larger turbines, going into deeper water, further from shore. On the other hand, the use of small-scale 
turbines is also increasing. 

The global total of installed solar PV power was roughly 70 GW at the end of 2011 compared with just 
1.5 GW in 2000. Over the past 5 years (2006—2011), solar PV has averaged an annual growth rate of over 
50% (for instance, from 40 to 69.3 GW during 2011); however, PV still generates just a small percent- 
age of the total yearly electricity production. Germany is the leader of this energy sector, accounting for 
almost 36% of the global market with 25 GW installed, followed by Italy (12.7 GW), Japan (4.9 GW), the 
United States (4.4 GW), Spain (4.2 GW) and China (3 GW). In 2011, the growth has been mostly concen- 
trated in a few countries, such as Italy (from 3.5 to 12.7 GW), China, the United Kingdom, France and the 
United States. Finally, wave and tidal energies are based on electricity generated from the movement of 
wave and tidal flows. Tidal and wave energies are more predictable than wind power and usually increase 
during winter when electricity demand is usually high. However, currently, wave and tidal energies cannot 
be considered a mature technology and only a few prototypes have been built. 

Taking into account the differing nature of renewable energy sources, their stochastic behavior and 
the requirement of maintaining a minimum power quality, power conversion plays a fundamental 
role in the integration of renewable energy sources into the electrical grid. On the other hand, the 
widespread locations of the increasing number of renewable energy plants require specific operational 
and management procedures in order to maintain, or even to improve, the power reliability, quality and 
stability of the grid [33]. 


2.3.1 Wind Energy 


As has been commented previously, wind energy is nowadays a mature technology, which has become 
viable in recent decades achieving a non-negligible impact on the energy market [34]. For instance, 
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in 2010, wind energy integration attained values equal to 21% in Denmark, 18% in Portugal, 16% in 
Spain and 9% in Germany. However, in China and the United States, although their current wind power 
integration is around only 1.5%, over the last 2 years the wind power installations in both countries have 
increased substantially. 

From a historical point of view, following the invention of windmills thousands of years ago, the first 
wind turbines to generate electricity were designed in the 19" century. Already in the 20" century, the 
first modern wind turbines were designed to work with fixed speed and stall regulated or active stall. In 
this case, the wind generator is connected directly to the grid through a transformer without using any 
power converter (only using a gearbox, a soft starter stage, a reactive power compensator and a main 
switch). This configuration is simple and cheap, but it is not able to extract the maximum power from 
the wind, suffers mechanical stress in large wind turbines and does not meet current regulations. 

In order to solve these problems, in the 1990s, wind turbine technology evolved to operate with variable 
speed and pitch regulation. Initially, the most successful configuration of this family of wind generators 
was the doubly fed induction generator (DFIG) with a reduced-capacity back-to-back converter, as shown 
in Figure 2.9a. This configuration permits the variation of the turbine speed by 60% making the maximum 
power point tracking (MPPT) target possible. Although this configuration has been very successful over 
the last 20 years, recently, its leading role is being lost because this kind of wind turbine has problems in 
dealing with the voltage ride-through regulation, imposed by the regulating authorities in every country, 
to improve grid stability when a grid fault occurs. 

Currently becoming very competitive (and in the near future expected to lead the wind turbine market), 
the new family of wind turbines is shown in Figure 2.9b. It is based on the connection of the turbine to 
the grid by using an electrical machine, mainly a permanent magnet synchronous generator (PMSG) and 
a full-capacity back-to-back power converter topology. In this case, the turbine speed and the active and 
reactive power are fully controllable and, thus, meet the regulations at the expense of an increment of the 
power converter cost. 

Finally, other new configurations have been designed and tested, which improve some features of the 
wind generators. For example, a multi-winding PMSG connected to multiple distributed back-to-back 
converters can be used, as shown in Figure 2.9c. The advantages of this topology are that the power 
is shared, and that the system is inherently fault tolerant. Another possibility is shown in Figure 2.9d, 
where multiple PMSGs are fed by a distributed gearbox. The overall system has the same properties 
as the multi-winding PMSG, but at the expense of using a complex gearbox. Finally, a third solution, 
shown in Figure 2.9e, is based on a gearless wind turbine with a multipole machine connected to the grid 
using a full-capacity back-to-back converter. This gearless topology leads to a reduction in weight and 
maintenance, but the generator has a larger diameter. 


2.3.2 Photovoltaic Energy 


The continuously decreasing price of PV modules and the strong support of governments in pushing 
this technology have led to the consideration of PV and solar thermal energy as important factors in the 
present and future renewable energy market. One important part of these installations is based on housing 
applications (<5 kW), but as part of the great evolution of the PV sector in recent years, larger PV power 
plants are steadily being constructed, which currently achieve a nominal power up to 250 MW (Agua 
Caliente Solar Project in the United States). Today, the main installed PV capacity is grid-connected 
with the off-grid sector accounting for an estimated 2% of global capacity. 

The output of PV panels is a DC voltage, and the existence of a power converter is required to generate 
an output AC voltage. Therefore, there is a big market for PV inverters with different topologies [35]. In 
general, there are four possible configurations, as shown in Figure 2.10: 


e Series and parallel connections of PV panels and a three-phase central inverter (see Figure 2.10a). 
This configuration is common for PV plants (power range 10—250 kW or even more) and gives high 
efficiency and low cost at the expense of low reliability and poor MPPT. 
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Figure 2.9 Configurations for the integration of a wind turbine in the electrical grid [5]: (a) doubly fed induction 
generator (DFIG) and a reduced-capacity back-to-back converter, (b) electrical machine (wound rotor induction gen- 
erator (WRIG), squirrel-cage induction generator (SCIG) or permanent magnet synchronous generator (PMSG)) and 
a full-capacity back-to-back converter, (c) multi-winding PMSG with distributed back-to-back converters, (d) mul- 
tiple PMSGs with distributed drive train, (e) multipole electrical machine (WRIG or PMSG) with full-capacity 
back-to-back converter 
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Figure 2.10 Configurations for the integration of a PV generation system: (a) series and parallel connections of 
PV panels and a three-phase central inverter, (b) series connection of the PV panels forming a string and individual 
inverters per string, (c) multi-string inverter formed by several DC/DC converters and a central inverter, and (d) module 
inverter dedicated to each PV panel 
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e String or multi string inverters usually for residential applications (<5 kW) (see Figure 2.10b and c). 
In these cases, each string has its own converter such that the MPPT can be obtained in a better way. 
In addition, the modularity is higher and therefore the reliability and fault tolerance capability are 
improved. 

e PV systems where each PV panel has its own module inverter (see Figure 2.10d) commonly used 
for low-power applications (<500 W). This configuration enables optimal MPPT at the expense of 
increasing cost. 


It must be noticed that each country has its own regulations and, for instance, the presence of a trans- 
former is sometimes a requirement. In addition, other regulations are common, such as voltage and 
frequency requirements and active and reactive power limitations. In addition, an islanding effect for 
grid-connected PV systems takes place when the PV inverter does not disconnect immediately the grid 
is tripped. This fact causes problems when the grid is retripped or creates a safety hazard for utility line 
workers who might assume non-energized lines during a fault. In order to avoid this, safety measures 
called anti-islanding requirements have been included in the regulations. 

Therefore, the power conversion stage (the topology for the DC/DC converters and the inverters) and 
the control strategy have to take these facts into account. Usually, topologies, such as the conventional 
H-bridge, the H5 and H6 inverters and the Heric inverter, are used and the transformer can be added in 
the output of the inverter, or the galvanic isolation can be achieved by the previous DC/DC stage [35, 36]. 


2.3.3 Ocean Energy 


Other renewable energy sources such as ocean energy are the focus of researchers all over the world. 
Ocean energy includes different ways to obtain energy from water movement, such as waves (kinetic 
and potential energies), current (kinetic energy of flowing ocean and river currents), tidal (from the rise 
and ebb of tides), thermal (using the natural temperature gradient as a function of depth in tropical oceans) 
and salinity (chemical electric potential formed by the difference in salt concentration between freshwater 
and seawater) [37]. 

Wave and tidal energy sources have been the focus of researchers during the last decade, and cur- 
rently, there are several prototypes and power plants installed. The efficiency and the feasibility of these 
technologies will be proven in the coming years. These kinds of devices have to fulfill the following 
requirements: 


e The overall system has to be prepared to operate under harsh weather conditions (usually offshore). 
This leads to the design of over-dimensioned wave energy prototypes in order to withstand these severe 
conditions. However, ongoing maintenance operations of the system remain constant and are usually 
difficult to perform, and this important issue needs to be solved in the near future. 

e The wave power conversion system has to capture the very low-frequency energy from the waves and 
be able to transform the power to the grid requirements. This issue can be solved by using an energy 
storage device (batteries, ultracapacitors, superconducting magnetic energy devices, or hydraulic accu- 
mulators) or by connecting the wave energy devices in an array to smooth the power obtained from 
the waves. 


Among the multiple possibilities to develop a wave energy conversion system, the most common meth- 
ods to capture the energy can be summarized as follows: 


e Vertical oscillating systems: The device obtains the energy from the bidirectional movement of air 
inside a chamber filled with seawater and air. When the wave reaches the device, the seawater com- 
presses the air inside the chamber moving it through a turbine. The reverse phenomenon occurs when 
the wave leaves the device. 


Challenges of the Current Energy Scenario: The Power Electronics Contribution 41 


e Overtopping systems: The energy of the waves is captured because the water overtops the edge of the 
device. The water is several meters above sea level, and the potential energy is used by the turbines to 
create the electricity. 

e Wave activated bodies: The structure of the system is formed by several units, usually called bodies, 
which are able to move and oscillate around a reference point. When the system is placed in the water, 
the waves excite the system by moving these bodies and the energy is derived from this movement. 


All these ocean energy conversion systems are based on electrical turbines generating an AC voltage 
that has to be transformed to fulfill the amplitude and frequency requirements of the power grid. Usu- 
ally, a power converter in a direct drive back-to-back configuration is used, where an independent AC 
connection of each system to the AC grid is considered, or a common DC bus is used, where the first 
power stage only of each system is connected, using a central inverter to carry out the connection with 
the grid. In addition, an energy storage device is also needed in order to smooth the pulsating power from 
the waves [38]. 

Currently, several prototypes have been built and are in operation. Pelamis, Wave Dragon, WaveStar, 
Limpet, Archimedes Wave Swing and PowerBuoy, among others, have attracted increasing interest with 
regard to demonstrating the potential of this renewable energy source. Countries such as the United King- 
dom, Portugal, the United States and Australia have built some wave energy plants, which are currently 
under evaluation. 

However, it is expected that tidal energy will become an important source because tides are more 
predictable than wind energy and solar power. Sihwa Lake Tidal Power Station in South Korea is currently 
the most powerful tidal power plant in operation (254 MW), but the South Korean Government is planning 
to build a power plant (Incheon Tidal Power Station) in the next years with a capacity in the gigawatt 
range. In addition, in Russia, there are plans to build the Penzhin Tidal Power Plant with a capacity in 
the range of 100 GW, although this is still in the proposal stage. 


2.4 Transportation Systems 


Transportation (mainly vehicles, trains and airplanes) is nowadays one of the fundamental needs of daily 
life. For instance, the air traffic market is estimated to grow at 5% per year until 2020. During recent 
decades, the development of transportation systems has been huge. Their evolution has been focused on 
improvements in their efficiency, reliability, availability, fault tolerant operation and the reduction of fuel 
consumption and maintenance costs. Many of these challenges are being achieved by introducing power 
electronics in the drive train, reducing the volume and weight of the system, increasing the fault tolerance 
capability and finally, decreasing the fuel consumption and, thus, reducing the emission of noxious gases 
and the environmental impact. 

A conventional aircraft has four different integrated energy vectors: pneumatic power (air conditioning, 
ice protection and engine start-up), electric power (avionic systems and commercial loads), hydraulic 
power (pumps and flight control actuators) and mechanical power (to drive hydraulic or fuel pumps). 
The more electric aircraft (MEA) concept is based on the replacement of these conventional devices 
by electrical systems. With the A380 and B787, Airbus and Boeing have caused a major upset in the 
aeronautical world by speeding up the transition toward an MEA. However, some challenges remain, 
such as improving the integration of the power systems, simplifying the electric structure of the aircraft, 
designing a high-voltage DC standard architecture and introducing efficient and advanced ESSs in the 
power train of the aircraft [39]. 

On the other hand, the increasing cost of fuel and the concern over noxious gas emissions are the main 
reasons for the recent significant development of electric vehicles (EVs). Although the EV market is 
relatively new, an optimistic scenario foresees 8— 10 million EVs in global sales by 2020, assuming higher 
oil prices, accelerated reduction of battery cell costs and a stronger political support from governments. 
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This forecast will only be achieved by means of improving the vehicle drive train using efficient power 
electronics and ESSs [40, 41]. 

The term EV actually includes several different vehicle technologies, which are summarized in 
Figure 2.11 [42]: 


e Pure EV: EVs run on a pure electric motor powered by batteries that are recharged by plugging in the 
vehicle. 

e Hybrid EV (HEV): HEVs run on gasoline with a motor and use batteries to improve fuel efficiency 
(usually at low speed). They do not use electricity from any external source. 

e Plug-in HEV (PHEV): PHEVs can be charged with electricity like EVs and run under engine power 
like HEVs. The combination offers increased driving range with potentially large fuel and cost sav- 
ings and emission reductions. There are three types of PHEV. Parallel hybrids are PHEVs in which 
both the electric motor and the combustion engine are mechanically coupled to the wheels through 
a transmission. Series hybrids, also known as extended range EVs, are PHEVs in which the electric 
motor is coupled directly to the wheels and the combustion engine is only used to charge the batteries 
when needed. Series—parallel hybrids are a combination of the series and parallel hybrids making it 
possible to combine the advantages of both configurations. 


Considering the growing environmental concerns, increasing fuel cost and more stringent government 
regulations, the sector is currently forced to optimize fuel consumption by improving the drive trains via 
downsizing or hybridization. Firstly, the vehicles will follow the hybridization path mainly powered by 
internal combustion engines, but in the near future, the solution will be to develop almost zero-emission 
pure electric propulsion with pure EVs and PHEVs. 


2.5 Energy Storage Systems 


ESSs include technologies where power electronic converters are needed in order to be able to inter- 
connect different kinds of energies. ESSs are very important systems because they permit efficient grid 
management in the transmission and distribution systems. They also facilitate the accommodation of 
the discontinuous character of renewable energies or the charging electrical vehicles [43, 44]. These 
are only a few examples that have been addressed previously. In this section, the most common ESSs 
are addressed. 


2.5.1 Technologies 


A summary of the different technologies of ESSs is introduced in Figure 2.12, a classification of the ESSs 
depending on the power density is shown in Figure 2.13, and the main characteristics of these ESSs are 
summarized in Table 2.1. 


e Batteries: Batteries are the oldest ESSs (lead acid) that have been used for more than 150 years, well 
before power electronic converters were introduced. Lead-acid batteries are still used in applications 
where the cost is very important, but tend to be replaced by other alternatives with better energy and 
power density, as can be observed in Table 2.1. 

e Li-ion batteries are among those most frequently used because of their high energy density. These 
batteries are becoming very popular in low-power consumer applications (cameras, phones) and also 
in electric or hybrid vehicles. Their good energy efficiency and the absence of memory effect have also 
contributed highly to the expansion of their use, but their high price still renders them unaffordable 
for low-cost applications. 
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Figure 2.11 Typical layouts of the drive train of electric and hybrid electrical vehicles: (a) drive train of a pure 
electric vehicle, (b) drive train of a (plug-in) series hybrid electric vehicle, (c) drive train of a (plug-in) parallel hybrid 
electric vehicle and (d) drive train of a (plug-in) series—parallel hybrid electric vehicle 
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Pumping 
centrals 


Metal—air batteries Riucbarterice 


Hours 


Compressed 


Lithium-ion batteries air centrals 


Lead-acid batteries 


Ni-MH batteries 


Discharge time@nominal power 
Minutes 


Seconds 


1kW 10 kW 100 kW 1MW 10 MW 100 MW 1GW 


Power 


Figure 2.13 Classification of the ESSs depending on the power density [42] 
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Table 2.1 Characteristic parameters of different energy storage technologies [42] 


Type Energy Energy density Power density Cycle life Self-discharge 
efficiency (%) (Wh=kg) (W=kg) (cycles) 
Pb-acid 70-80 20-35 25 200-2 000 Low 
Ni-Cd 60-90 40-60 140-180 500-2 000 Low 
Ni-MH 50-80 60-80 220 <3000 High 
Li-ion 70-85 100-200 360 500-2000 Medium 
Li-polymer 70 200 250-1 000 >1200 Medium 
NaS 70 120 120 2000 — 
VRB 80 25 80-150 >16 000 Negligible 
EDLC 95 <50 4000 >50 000 Very high 
Pumped hydro 65-80 0.3 - >20 years Negligible 
CAES 40-50 10-30 - >20 years — 
Flywheel (steel) 95 5-30 1000 >20 000 Very high 
Flywheel (composite) 95 >50 5000 >20 000 Very high 


Other batteries, such as NiMH or NiCd, were very popular several decades ago, but are now being 
replaced by Li-ion or Li-polymer because of their high power and energy densities. These batteries 
are used mainly in massive consumer applications (mobile phones, cameras, etc.) and are currently 
the best option for hybrid and electric cars. Unfortunately, their high cost is preventing the spread of 
their use in cost-sensitive applications. 

There are also other promising battery technologies, such as sodium-sulfur battery, which has good 
performances, but is only able to work at high temperatures. Another promising technology is flow 
batteries (FB), and their main advantage is the decoupling of the power delivered and energy stored, 
in other words, the power is rated by the size of the reactor chamber, but the stored energy depends 
on the volume of fluids stored in low-cost reservoirs (plastic). There are two deposits: one containing 
the fresh reactive and a second with the exhausted reactive; thus, no self-discharge is observed. The 
reactives can be replaced, which allows a quick battery recharge. 

Electrochemical double-layer capacitors (EDLCs): EDLCs store energy in the same way as a classical 
capacitor does; therefore, no chemical/ionic reaction is held. This is an advantage with respect to 
batteries because better efficiency and durability can be expected. The power density is also very high. 
In order to obtain high capacity, the capacitor is built using a very porous (large surface) material, but 
one that is very thin. This implies that only very low-voltage devices can be used (typically 2-3 V). 
The capacity can be as high as kilofarads, but for practical use, series connection is needed in order to 
be able to connect to higher voltages. 

Regenerative fuel cells (FCs): To some extent, it can be said that FCs work in a similar way to 
FBs; however, in this case, the reactives are gases (oxygen and hydrogen) or gas—liquid (oxygen and 
methanol). Research efforts are focused on improving the durability of the membranes. 

Compressed air energy systems (CAESs): CAES is a technology that stores energy as compressed air. 
The energy is recovered by means of a gas turbine where the air is expanded. Large plants are possible 
if large reservoirs are available (usually caverns). The process of compressing air is exothermic and 
the expansion is endothermic, this implies an extra complication in the system design necessary to 
deal with this extra heat. 

Flywheel energy storage systems (FESSs): FESSs store energy as kinetic energy in a rotating mass. 
As the energy depends on the square of the rotating speed, this is the most important parameter to 
be extended. New materials permit speeds of over 10000 rpm. The rotational speed is a simple and 
accurate measure of the “state of charge.” The interface is an electrical AC machine with variable 
speed, and a frequency converter is needed to connect the system to the power grid. 


46 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


e Superconductive magnetic energy storage systems (SMESs): SMESs store the energy as magnetic flux 
in a superconducting coil. The main difficulty is to maintain the coil at a very low temperature. SMESs 
are one of the systems with a high dynamic response with the highest power density among all of the 
other ESSs. 

e Thermoelectric energy storage (TEES): TEES stores energy by increasing the temperature in synthetic 
oil or molten salt, maintaining it in a thermally isolated tank to be used later. 


2.5.2 Application to Transmission and Distribution Systems 


Traditionally, the electrical utilities have based their needs for storing excess generated energy in a few 
concentrated pumped hydro stations. In this way, when the generated power exceeds consumption, the 
water is pumped from the lower reservoir to the higher reservoir, providing a use for the extra energy 
produced. When the situation is the opposite, the utilities have two alternatives: to use the high-cost plants 
or to reverse the flow in the pumped station to produce the power needed. This model has been working 
well for years, but has a limitation; finding good sites is not easy. 

Modern “Smart Grids,” as shown in Figure 2.1, tend to have a mixed distributed generation where 
smaller plants closer to the consumers can be associated with smaller distributed storage facilities. In 
this way, different storage technologies contribute to the grid control, complementing the generators by 
shaving peaks and load leveling. Basically, the system will store the energy when it is cheap and the 
energy is returned to the grid when its generation is more expensive. 


2.5.3 Application to Renewable Energy Systems 


The discontinuous nature of renewable energy systems (RESs), depending on the wind speed or irra- 
diance of the sun, makes its connection to a power grid difficult, because the network stability can be 
compromised when an abrupt change in the injected power occurs. This is a growing problem as the 
penetration percentage of RESs reaches significant values, implying that at some moments over 50% of 
the total generated power is produced from RESs. An example of this can be observed in Figure 2.14, 
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Figure 2.14 Spanish power consumption share on 24 September 2012. It shows a wind generation record of 
13.285 MW out of 20.677 MW (64.28%). Source: https://demanda.ree.es/generacion_acumulada.htm] 
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which shows the Spanish power consumption on 24 September 2012. On that day, the energy provided 
by wind energy plants achieved a peak of around 64% of the energy production. This shows how the 
grid has become dependent on renewable energy sources. ESSs allow the decoupling of generation and 
consumption and they benefit from different technologies, such as batteries or compressed air. 


2.5.4 Application to Transportation Systems 


In the transportation systems, ESSs are being used in autonomous electric or hybrid vehicles (based 
mainly on lithium-based batteries), but grid-connected vehicles (trains) can also benefit from the added 
advantages of using an ESS. 

The braking energy of vehicles is an important amount of energy that can be stored for later use, in 
particular, this energy, if not stored, causes an increase in the grid voltage. When a train connected to 
the grid is accelerating, the stored energy is recovered and this energy can be stored in the locomotive 
(mainly batteries or EDLC) or in the substation feeder. 


2.6 Conclusions 


The multiple interconnections between different regional grids, the integration of renewable energy 
sources and the matching between local consumption and generation are leading to the development of a 
new more distributed electrical grid. In addition, the transportation sector has to deal with the increasing 
cost of fossil fuels and stricter environmental requirements. Power electronics offer alternatives to face 
the challenges of this new distributed grid. 

The integration of renewable energy sources can be achieved by efficient power converters, where the 
power flow and the random or intermittent nature of the energy source have to be fully controlled. New 
power electronic converters, such as FACTS and HVDC systems, are being installed in order to achieve 
efficient power distribution with the required stability margins and power quality demanded by the grid 
codes; for instance, facilitating the inland connection of offshore wind farms. Finally, last generation 
ESSs collaborate on grid stability, on the matching between generation and consumption, on the efficient 
integration of renewable energy sources and on the extensive use of EVs. In summary, power electronics 
is the key to the present and future energy sector. 
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3.1 Introduction 


The existing power grid can be considered as a hierarchical system where power plants are at the top 
of the chain and loads are at the bottom, resulting in a unidirectional electrical pipeline managed with 
limited information about the exchange among sources and end points. 

This situation has severe drawbacks, including the following: 


e The system is sensitive to voltage and frequency instabilities as well as to power security issues caused 
by load variations and dynamic network reconfigurations. 

e The implementation of demand side management strategies, which would be very useful for reducing 
the risk of failures and blackouts and for increasing system efficiency, is not allowed, moreover. 

e It is not suitable for the integration of renewable energy. 


During the last decade, the electrical energy market has been characterized by a growing demand for 
energy and two important innovations: the quick growth and massive diffusion of renewable energy sys- 
tems (RESs) and the subsequent rapid development of distributed generation (DG) systems and smart 
grids (SGs) [1-5]. Conventional unidirectional power systems consisting of few very high-power gen- 
erators producing hundreds of megavolt-amperes and connected with substations through transmission 
lines and feeding distribution systems supplying loads through a tree are being replaced by wide, com- 
plex, and heterogeneous meshes, embedding a huge number of loads and generators, the latter supplied 
by different sources (fossil, nuclear, gas, wind, sunlight, biomass, etc.) and operating at different power 
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levels (from a few kilovolt-amperes up to hundreds of megavolt-amperes) and voltages, each with its 
own characteristics (e.g., electrical, mechanical, thermal, photovoltaic (PV) surface) and dynamics. 
According to many analyses, future electrical systems should have the following parameters [6-12]: 


e High power capability: with the increasing demand for energy in industrial, residential and civil appli- 
cations and the incoming large-scale diffusion of electric vehicles, electricity is becoming the main 
power source of the modern world and hence the need for it will increase significantly during the next 
years; this trend is expected to remain positive for many decades and will be marginally influenced by 
external perturbations such as economic or political crises. 

e High power quality and reliability: electricity must be available whenever it is needed with the lowest 

or no latency, stable voltage and frequency and low harmonic distortion. 

High efficiency: electricity should not be dispersed during production, transportation and distribution 

processes; the grid and the loads should be managed to achieve maximum system efficiency. 

e High flexibility: the power system should be highly configurable and should allow smooth integration 
among different power sources; moreover, dynamic changes of loads and power sources should not 
influence power quality. 

e Low environmental impact (i.e., sustainability): renewable energy sources should progressively 
replace traditional sources; moreover, even in the short term they should be fully integrated into the 
existing power system. 


Previous requirements cannot be satisfied by traditional power systems; therefore, during the next 
years a huge revision of the present systems is expected with the introduction of many new functions, 
systems and modus operandi, commonly referred to as the distributed generation (DG) and smart grid 
(SG) revolution. This is changing the way in which next-generation power systems have to be designed, 
operated and maintained, and can be achieved only by introducing new technologies, functionalities and 
operational approaches, which are as follows [13-18]: 


full exploitation of all renewables 

technological enhancements and large-scale diffusion of energy storage systems 

massive introduction of Information and Communication Technologies (ICTs) 

implementation of high-granularity self-healing and resiliency against unwanted situations, such as 
blackouts or natural disasters 

consumers’ active participation to the electricity market 

e introduction of new products, services and markets. 


With reference to the last point, the same ICT infrastructure could be shared among different services 
(water, gas, electricity, heat, etc.) or different service providers. This should allow the hardware (HW) 
and software (SW) resource optimization necessary to sustain large investments in the realization of the 
communication infrastructure. 

The following sections give an overview of the main technologies, features and problems of DG and 
SGs. Due to the breadth of topics, this chapter gives a short but comprehensive overview of these emerg- 
ing topics. 


3.2 Requirements of Distributed Generation Systems and Smart Grids 


In order to fully satisfy energy demand, conventional power systems are operated taking into account the 
predicted power needs, thus producing a corresponding quantity of high-quality energy, that is, with sta- 
ble output voltage and frequency. Because of the high thermal inertia of steam generators, peak demands 
are satisfied by producing amounts of electrical energy close to peak values, and hence significant energy 
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surpluses are often available during periods of light load operations. When possible, the energy surplus 
is employed to increase the quantity of stored energy, typically in hydroelectric reserves. 

However, the massive introduction of renewable energies does not solve the last problem and introduces 
several additional problems, mainly related to the fluctuating quantity and quality of the energy injected 
in the grid. Hence, in general, power system stability deteriorates instead of improving. 

With this situation, intelligent management of produced and absorbed energy, together with the intro- 
duction of small-to-medium fully controllable generators, for example, turbo gas (TG) and combined 
heat and power (CHP) systems, which, being fully operative within few minutes or seconds, can be acti- 
vated and deactivated according to short-term predictions, represents a viable if not unique short-term to 
medium-term solution. 

In fact, at the current stage of technologies, energy storage systems, except hydro power plants, are 
unable to store and release the amount of energy often needed to satisfy peak demands, while static 
compensators (STATCOMs) and other high-power electronic devices, even if they are efficient under 
some kinds of transient disturbances, could be insufficient to guarantee stability in the case of large and 
long-term variations of electrical quantities. In addition, some types of energies such as nuclear or fossil 
are becoming critical either because of their impact on health and the environment or because they are 
potentially dangerous. 

Another fundamental issue motivating the diffusion of SG is that the increasing demand for energy 
requires permanent enhancements or a redesign of transmission lines, and thus requires huge investments 
at national and international levels. Hence, several countries are changing their energy policies in favor of 
full exploitation of DG, the combination of RESs and clean traditional sources, improvement of existing 
power plants and user awareness about saving energy [19]. 

The new power systems will include a huge number of power lines often operating at different power 
and voltage levels, connected through intelligent routing nodes and capable of sustaining, monitoring, 
controlling and billing energy in a fully bidirectional power flow environment. 

Other key elements of modern power systems are the electronic static converters necessary for the 
connection of RESs to the grid and storage systems, which is necessary to reduce the effects of energy 
fluctuations and power losses along lines. Their operations ensure power quality enhancements [20]. 

In short, DG and SGs are very complex systems requiring many technologies including, but not limited 
to, power systems, power electronics, communications, computer science, computational intelligence and 
so on, which are necessary for full and optimized integration among generators, loads and lines [21]. 

Moreover, tools based on previous technologies are necessary for improving overall energy manage- 
ment according to economic criteria and for creating sensibility among users concerning the rational use 
of energy. 

At the current state of technology, the most diffused RES generators are PV, wind and hydro generators. 
Other possible sources suitable for DG are CHP systems, combustion motors, geothermal systems and 
fuel cells (Figure 3.1). 


3.3 Photovoltaic Generators 


PV cells are direct current (DC) generators. Their voltage level depends on the intrinsic cell charac- 
teristics, the number of cascaded cells and their temperature. The available current depends on cell 
characteristics, the number of parallel strings (a string is a group of cascaded cells) and sunlight inten- 
sity. With present technology, they are arranged in panels providing up to 220-250 W at a voltage rating 
of 48—60 V. In fact, typical panels do not exceed 1.5—2 m? due to the need for easy handling. New 
technologies are emerging that improve PV energy conversion by means of cell efficiency enhancement 
and/or optical concentrators capable of increasing the quantity of energy applied to the cell surface [22]. 
This solution increases the power produced per surface unit but at the cost of very high temperatures, 
and hence suitable heat transfer systems are needed to maintain safe and efficient operations. Currently, 
some experimental systems propose to combine electricity and heat production (Figure 3.2). 
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Figure 3.2 Schematic diagram of a photovoltaic system 


In order to supply standard loads operating with alternating current (AC) — AC motors, lamps, air con- 
ditioners, electronic equipment, domestic and industrial loads and so on — panels are connected in series 
and/or in parallel, thus reaching the desired level of voltage and current; hence they supply an inverter 
[23-24]. The latter has to guarantee a stable and standard output (e.g., 400 V, 50 Hz), high conversion 
efficiency, grid synchronization (in the case of grid-connected systems), low voltage and current dis- 
tortion and low cost. Moreover, it might be in charge of power factor control and harmonic mitigation. 
Usually, inverter operations are based on feedback control and two-level pulse width modulation (PWM); 
moreover, they are connected with the grid through suitable passive output filters. 

A common solution includes inductive/capacitive filter (LC or LCL) configuration. In order to max- 
imize the extracted energy and to adapt the output voltage amplitude to the required level, a DC/DC 
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converter with maximum power point tracking (MPPT) capability is usually interposed between cells 
and the single-phase or three-phase inverter. In grid-connected systems, a further requirement for the 
converter is the implementation of a suitable synchronization algorithm, needed to ensure proper oper- 
ations and the injection of the maximum amount of energy while avoiding instabilities and/or failures. 
It is usually based on phase-locked loop (PLL) or its variants: synchronous reference frame (SRF-PLL), 
enhanced phase-locked loop (EPLL), quadrature phase-locked loop (QPLL) and dual second-order gen- 
eralized integrator (SOGI) [25-26]. 

When dealing with PV generators in DG, there are many issues that depend on both the power level and 
the input and output voltage. The choice of plant as well as converter topology is important for extract- 
ing the highest amount of power by PV cells, ensuring the optimum connection between the converter 
and the grid and implementing protective functions. It is necessary to balance electrical considerations 
such as voltage and current levels, power losses, robustness, reliability, expandability, complexity, cost 
and actual operating conditions (e.g., sunlight level and its daily/monthly distribution, shadowing effects 
and so on), which play a role often more important than technical and/or technological issues. Often 
large PV plants are microgrids (MGs), that is, small autonomous systems interconnected with others 
and/or with higher hierarchical level power grids. In low-power applications (few kilovolt-amperes), 
typical systems include a simple high-frequency DC/DC converter (boost or buck-boost) with or without 
a high-frequency transformer and a single-phase PWM inverter. 

New converter topologies such as resonant DC/DC converters are being considered, with the aim of 
increasing efficiency and reducing costs and size. Cells are arranged such that the highest efficiency is 
achieved: due to the relatively high number of cells, the PV field surface is quite limited (some tens 
of square meters) and hence shadowing effects caused by clouds or other random obstacles interposed 
between the sun and the panels are almost negligible if certain precautions are taken during the posi- 
tioning of panels. On the other hand, in order to avoid performance drops, cascaded cells require higher 
consistency of their electric characteristics compared to a parallel arrangement. Hence, the choice of 
series or parallel connection is not unique and always represents a trade-off. 

Recently, “plug-and-play” solutions have been proposed: each single panel has its own complete power 
converter, and thus it can be directly interconnected with the grid [27]. 

This solution has some advantages: high modularity, quick installation, high reliability, optimized 
performance and reduced losses because of the direct availability of AC output voltage and simple main- 
tenance (in the case of failure of a panel, the others and hence the whole system, continue operation and 
the faulty panel can be easily replaced without service interruption). Alternatively, each panel can incor- 
porate its own DC/DC converter, thus allowing its accurate control and optimization, while the DC/AC 
conversion is provided by a system-level inverter [28]. 

This approach seems to be very attractive as the cost of the low-power DC/DC converter is not high, 
while accurate MPPT and fixed DC voltage are ensured at panel level. 

Medium- and high-power systems require some choices imposed by a number of distinct factors includ- 
ing the following: 


e PV field electrical arrangement (i.e., series or parallel connection of panels) due to electrical and 
shadowing factors 

e the limited power achievable by insulated DC/DC converters due to the unavailability of large ferrite 

cores 

the choice of output current/voltage 

the choice of the inverter (single inverter or multiple inverters in parallel) 

the intrinsic problems of MPPT in large systems 

the presence of low-frequency transformers between the PV plant and the grid. 


Also in this field, plant technology is moving toward modular solutions, which basically consist of a 
double-stage power converter (high-frequency DC/DC converter and inverter) for each string of the PV 
plant, the latter producing a relatively high amount of power. 
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Single-phase inverters may be considered for each string, achieving three phases at the grid level. In 
this case, blocking diodes are not requested, MPPT algorithms are applied separately to each string and 
accurate power control can be achieved. 

Alternatively, several DC/DC converters may be connected to a high-voltage DC bus, the latter linked 
with a single or multiple three-phase inverters. The DC/DC units can be current source converters or 
voltage source converters. 

The first type is preferred due to its high robustness; the other requires large electrolytic capacitors, 
which are bulky and have low reliability due to their intrinsic degradation because of aging. Alternatively, 
numerous expensive polypropylene capacitors might be used, guaranteeing constant performance with- 
out any degradation or influence by ambient temperature. Whatever the choice, modular designs improve 
reliability and performance, but at the cost of higher complexity. 

New topologies have been recently proposed in order to increase efficiency or reduce cost or both. 
Among them, a very interesting solution is the use of cascaded H-bridge multilevel converters, consisting 
of a number of H-bridges connected in series, each one supplied by a separate PV generator connecting a 
suitable group of cells in series and/or in parallel, thus reaching the desired level of input voltage without 
the use of additional converters. This architecture, also known as cascaded multilevel inverters (CML), 
allows better utilization of the available input energy because each H-bridge can embed its own MPPT 
algorithm; moreover, suitable voltage levels can be chosen, thus extracting the highest amount of solar 
energy without the need for a DC/DC converter, while conversion efficiency is higher due to the lower 
switching losses resulting from lower switching frequencies. 

Faster and more efficient power devices can also be employed due to the lower operating voltage of each 
H-bridge, further improving overall performance. In high-power high-voltage (kV) applications, direct 
operations are allowed without the need for line frequency transformers or high-voltage DC sources. 
Another significant advantage of CML inverters is their better output waveforms, which achieve a sig- 
nificant reduction of the output filter and an increase in the efficiency of PV energy conversion. 


3.4 Wind and Mini-hydro Generators 


Wind and mini-hydro systems use AC synchronous or asynchronous generators that convert the mechan- 
ical energy generated by wind or water and available at the machine shaft into electrical energy. 

The simplest high-power wind generator consists of a squirrel-cage induction generator (SCIG) con- 
nected with the grid through a transformer. Owing to its simplicity and the intrinsic induction machine 
behavior, it can operate at an almost fixed speed and in the presence of a stiff grid. Its limited control 
capabilities are often achieved at a mechanical level (e.g., blade pitch control), while reactive power 
control requires the availability of a STATCOM. 

Current power electronic technologies and devices offer more sophisticated solutions, such as mul- 
tipole permanent magnet or induction generators connected with an AC/AC or an AC/DC/AC power 
converter capable of stabilization of both voltage amplitude and frequency at the desired levels. Gen- 
erator sets operate at voltage levels starting from 400 V, 50 or 60 Hz, up to some kilovolts, the latter 
being typical of multi-megawatt systems. However, typical generators operate at voltage levels lower 
than the grid and therefore their interconnection requires the use of a line-frequency step-up transformer. 
It is worth noticing that the use of multilevel converters might allow the elimination of such a trans- 
former. 

Depending on the power level and the required performance, the power converter consists of a sim- 
ple unidirectional diode rectifier coupled with a PWM inverter (or any other topology) through a DC 
link or the more sophisticated back-to-back converter, providing bidirectional power flow. The inverter 
is coupled with the grid through a low-pass filter, needed to ensure the elimination of high-frequency 
harmonics and a line frequency transformer. 

In the range of very high-power generators (hundreds of kilovolt-amperes up to several 
megavolt-amperes), doubly fed induction generators (DFIGs) represent a very common and interesting 
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Figure 3.3 Schematic diagram of a wind generation system 


solution because of their high efficiency, full control of active and reactive power and the need for a 
converter with a rating of about 20-30% of the generator power. In fact, the machine stator windings 
are directly connected with the grid or with each interposed line frequency transformer, while full 
active/reactive control is achieved by modifying the supply characteristics of wound rotor windings 
through a power converter. This reduces power converter cost, saves energy (reducing power converter 
losses) and extends the power range (limited by the power devices rating). DFIGs may operate in the 
kilovolt range and the power converter could consist of a matrix or a multilevel converter [29-31]. 

In low-power applications, a DC/DC converter might be included in a DC link for MPPT, but the 
available technology of magnetic materials limits their use to a few tens of kilowatts (Figure 3.3). 


3.5 Energy Storage Systems 


The intermittent or fluctuating operations of RESs can be mitigated by energy storage systems (ESS) [32]. 

Traditional systems consist of hydro and pumped storages. Their capabilities are often enormous, but 
usually they are very far from loads and/or wind or sunlight generators. Consequently, their effects in the 
event of voltage sags, swell, or other transient disturbances are negligible, while they are important in bal- 
ancing long-term predictable fluctuations, which can be eliminated through suitable accumulate—release 
energy strategies. Recently, mini-hydro and micro-hydro have been gaining diffusion. Their localization 
is intrinsically less critical, but their operations cannot satisfy fast peak demands, except when they are 
controlled by demand prediction [33]. 

Typical energy storage systems for fast transient operations are batteries, supercapacitors, freewheels 
and fuel cells. 

Batteries appear to be the most effective technology available today in terms of performance and costs, 
even if their reliability and duration are not outstanding. Traditional lead acid batteries are leaving space 
to other technologies such as nickel—metal hydride (Ni-HM) and lithium-ion batteries (in some vari- 
ants), which present higher capacity and faster recharge time. Batteries allow a fast transient response, 
satisfying the most demanding applications, but their drawback is a long recharge time. 

Supercapacitors have an energy density hundreds of times greater than that of conventional electrolytic 
capacitors and a power density much higher than that of batteries or fuel cells; their speed in supplying 
current is very high but their voltage level is too low for requirements so a lot of cells must be connected 
in series in order to reach the desired voltage level; hence, their cost is not yet attractive. 
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ESSs are needed for quick delivery of energy, and thus heat-based sources are needed for long-term 
disturbances caused by predictable meteorological variations. 

ESSs can be either DC or AC sources. In the first case, they are usually connected with a DC link 
shared with the existing power converters. The cost of this solution is attractive but the achievable power 
is often limited; moreover, it has low flexibility and low stiffness to failures, sharing the DC/AC converter 
with RES. A better solution consists of a fully independent ESS directly connected with the AC grid, as 
each element can be sized independently and easily modularized. 

Local or residential micro storage systems (MSSs) will be integrated with the end-users of future 
SGs, allowing utilities to dispatch stored energy produced earlier by local generators. To perform data 
gathering and control, the ESS should communicate with other devices, such as the power meter, to 
monitor the power consumed. 


3.6 Electric Vehicles 


Electric vehicles (EVs), hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs) 
use electricity either as their primary fuel or to improve the efficiency of conventional combustion 
engines [34]. All of them use a lithium battery (or other recent technology) to store the electrical energy 
needed to power the motor. Their diffusion is expected to grow very quickly during the next few years, 
as their cost, considering a balancing between various costs (purchase, use, maintenance, disposal), will 
become similar to or better than that of traditional combustion engine cars. For this reason, they are being 
considered as a viable solution for energy storage in SGs through the so-called vehicle-to-grid (V2G) 
technology: during recharge operations, the vehicle battery and recharge system are in parallel with the 
grid; therefore, using a bidirectional converter for recharge and following a suitable demand side man- 
agement strategy, the vehicle can supply energy to the grid like any other storage system [35]. The main 
drawback of this strategy is represented by the limited quantity of available electricity, which is strictly 
dependent on the capacity of the installed batteries. In fact unlike “static” ESS, battery recharge is very 
common in V2G because of the main use of the vehicle. On the other hand, using proper recharge oper- 
ations at high power, a typical car could be recharged within 20—30 min. With present technology, this 
is only possible when operating connected with a 400 V three-phase line sustaining currents of around 
150-200 A. These kinds of recharge operations require accurate control of both electrical quantities and 
main battery parameters; otherwise, the battery life may be very short or the battery might be seriously 
damaged [36-37]. Moreover, the huge quantity of electricity necessary to recharge EV fleets is evident. 
This last aspect is crucial and requires large investments in the power system infrastructure. Alternatively, 
relatively small electric generators (some megavolt-amperes), for instance CHP, might be installed in the 
vicinity of parking with the dual task of recharging batteries and providing heat to nearby buildings. An 
interesting solution is represented by use of PV energy: large PV plants can be realized by exploiting the 
surfaces of roofs of shopping centers or by creating covered parking. 


3.7 Microgrids 


With the advent of DG and SG, power systems are moving toward a different scheme with a huge number 
of reduced scale systems, called microgrids (MGs), interconnected by meshes of complex transmission 
lines, whose nodes have a high level of intelligence. MGs could be interconnected among them at a 
distribution line level [38—39]. 

Each MG is autonomous and includes electricity generators, energy storage, distribution lines, loads 
and interfaces with the higher level grid called common coupling point (CCPs), where the higher level 
grid is often referred to as the macrogrid. MG operates at low- and medium-voltage levels. This operation 
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mode is known as “islanding.” CCPs include line frequency transformers and protection and intelligent 
devices with communication capability (Figure 3.4). 

This approach has several advantages. In fact, owing to the high modularity and local use of energy, it 
simplifies the system; eliminates transmission losses; improves efficiency; provides active load control; 
isolates MGs from foreign disturbances, failures and outages; and simplifies self-healing, thus increasing 
the resilience of the overall system [40-41]. 

The quantity of energy generated in an MG usually corresponds to local demand, but the concept is 
general and therefore it could be applied to wind farms or other similar systems, where most elements are 
generators. Connections with higher hierarchical levels occur only to satisfy peak demands that cannot 
be handled locally, to buy energy produced in other MGs, or to sell energy. Generators are supplied by 
RESs, but in order to limit the drawbacks of RESs (energy fluctuations and daily variations), they are 
integrated with fuel-based generators, typically TG eventually supplied by biomass, or CHP systems 
(Figure 3.5). 

In the future fuel cells could replace integrated thermal power plants but nowadays their cost is 
prohibitive. 


Distribution line 


Figure 3.5 Example of microgrid 
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The use of no-RES generators depends on the level of intelligence of the system, its predictive capa- 
bility and the location of the MG. Typical TG generators reach their full power within a few seconds, 
and hence they might be operated on a prediction basis, thus supplying electricity only when RESs are 
not sufficient to cover peak demand or during the night and more generally during periods with limited 
sunlight or wind due to adverse weather conditions. This could allow the use of “foreign” energy to be 
avoided or limited to exceptional circumstances [42]. 

In order to ensure stable operations and the necessary power quality, energy storage systems must be 
included in an MG. Their quantity and dimensions depend on several factors, including the number and 
type of loads, the quality of energy available in the MG and the possibility of operations tightly connected 
with the grid. 


3.8 Smart Grid Issues 


Connecting RESs with the grid and managing a MG ora SG may become a challenging task if the number 
of generators and users is very large and their power quality and/or that of the grid is not high. Therefore, 
optimal operations can be achieved only by addressing stability and reliability issues. Moreover, the 
intrinsic nature of DG imposes flexibility and expandability. 

Dynamic perturbations caused by interactions among fluctuating power sources and variable loads 
often lead to instabilities, which, if not adequately controlled, might cause failures and blackouts. These 
situations can be reduced by introducing large storage systems and in a well-designed MG, they are 
intrinsically less frequent and easier to manage. Instability should be taken into account while designing 
power system and power converters in order to either eliminate it at source or mitigate its effects. 

Suitable protection policies and control algorithms can be implemented using both HW and SW, elim- 
inating the risk of network instabilities and failures of power sources or power converters. This approach 
requires real-time sensing of output quantities (voltage, current, frequency) and, eventually, fast breakers 
capable of real-time disconnection of elements from the grid, thus preserving its integrity. Well-designed 
inverters can intrinsically avoid the injection of additional energy in an already unstable system and, 
in some circumstances, operate similar to that of a STATCOM or a Unified Power Factor Controller 
(UPFC). For instance, they can provide active and reactive power. Such systems usually adopt PLL 
techniques (already listed in an earlier section) and zero-crossing grid voltages detection (ZCD) imple- 
mented through a group of combined filters coupled with a nonlinear transformation. The latter approach 
may be negatively influenced by poor power quality determined by electromagnetic interferences (EMIs) 
and other disturbances, such as random voltage sags, swell and dips, which may lead to erroneous trigger- 
ing and time delays. These drawbacks can be mitigated using appropriate design techniques and filters. 

STATCOMs and UPFC, eventually coupled with supercapacitors, are typical power converters specific 
for dynamic stabilization. 

Instabilities caused by long-term fluctuations or other disturbances as well as by the effects of remote 
failures can only be managed through the availability of energy storage systems (e.g., batteries) and 
converters with appropriate capability, and, if this is not successful, through the use of hydropump plants 
or, at worst, disconnection. 

Wide-area situational awareness (WASA) systems integrate technologies for effective power system 
management and monitoring. They represent one of the key functions of SGs, since they provide relia- 
bility, security and interoperability among so many interconnected systems and devices. Synchrophasors 
are counted as new wide-area measurement technologies. Their primary task is to measure the different 
portions of the power system and to put these measurements on the same time basis, enabling a view of 
the whole power system at the same time and thus simplifying the comparison of different portions of 
the power system in real time. 
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Reliability is another important requirement in DG and SGs. Similar to other fields, it can be achieved 
by adopting best practices during design and realization of single elements and of the whole power 
system. The availability of a network of sensors and actuators, typical of SG, is commonly exploited 
for implementation of early prediction, fault detection and diagnosis. Power converters and the other 
intelligent systems connected with an SG usually include sensors and feedback control, and therefore 
they embed self-protection mechanisms and, eventually, self-healing. 

In conclusion, DG and SGs intrinsically address the problems of energy flow optimization, flexibility 
and expandability. However, these performances can be greatly improved by using new HW systems as 
well as sophisticated and high-performance SW techniques capable of addressing the high complexity of 
the problem. For instance, the approach based on smart agents, recently proposed for control and manage- 
ment of SGs, reduces problem complexity by splitting the complex system into many simpler elements 
(agents) and defining a set of behavioral rules. Other ongoing researches use different approaches to 
reach the expected results. 


3.9 Active Management of Distribution Networks 


Active networks (ANs) consist of local areas with full integration, at control level, of distributed genera- 
tors, network devices and customers, with the aim of balancing the electrical energy supply and demand, 
thus obtaining a better utilization of the available energy and more reliable operation. This enhances over- 
all performance, offering new system services such as flexible voltage regulation, optimized power flow 
paths, congestion management, fault isolation, situational awareness, outage management, distribution 
automation, distribution management, asset management, smart metering, demand response manage- 
ment, management of other individual customers, and full network security [43—45]. 

ANs could be defined at an MG level, or in the case of high complexity, an MG could include a distinct 
AN area. 

By virtue of the extensive use of ICT and an advanced metering infrastructure, the distribution 
network fully connects (power + data paths) suppliers, distributed system operators (DSOs) and 
customers; hence, ANs permit full coordination among generators, voltage regulators, reactive power 
compensators, on-load tap changers, loads and all other network devices. The information exchanges 
are used both for network management, thus to ensure optimum operations and a high level of security 
and for sophisticated billing management, thus for full exploitation of energy market operations 
[46-50]. 

This approach allows significant advantages in terms of efficiency of the power system and better 
utilization of physical infrastructure, in particular the distribution lines, resulting in a reduction or deferral 
of network investments. Some researches have demonstrated the economic benefits deriving from active 
management as compared with traditional network reinforcement strategies. 

Ongoing research projects on the management concepts of ANs are focused on the resolution of inter- 
connection issues of DGs. At the entry-level stage, AN management consists of monitoring and remote 
control of DG. At the intermediate stage, it permits the optimum allocation of a significant amount of 
DG, once the local and global services and trading issues have been defined. Full exploitation of ANs 
relies on overall network management. 

However, due to the huge investments, new market rules are still required in order to balance the eco- 
nomic contribution among players in order to achieve government targets for the utilization of renewable 
sources and to offer economic benefits to DNOs. Therefore, in most countries, the present situation can 
be considered far from full exploitation of the current technical possibilities. 
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3.10 Communication Systems in Smart Grids 


The communication infrastructure connecting energy generation, transmission, distribution systems and 
consumption points is an essential component for the development of an SG and to ensure full operations, 
security, reliability, flexibility, response demand management and other important features. The adopted 
technologies are fully digital, thus enabling data digitization, intelligent self-awareness and increased 
reliability. 

SG communication infrastructures can be public or private. Public networks like the Internet and the 
2G, 3G and 4G mobile networks are excellent and are at low cost, but due to the existing communications, 
their use may lead to several problems. Among them the most evident are the difficulty of achieving effec- 
tive real-time and reliable communication and security issues. These issues can be addressed by defining 
suitable virtual private networks (VPNs). Power distribution lines themselves act as communication 
carriers by using Power Line Communication (PLC) technology, coupled with a combination of wired 
and wireless technologies, thus creating a complex but reliable communication infrastructure [51]. 

Due to the complexity and critical nature of problems, standardization of HW and SW communication 
technologies specific for SG applications is fundamental for successful operations. 

The selection of a suitable communication architecture is subject to many challenging technical restric- 
tions regarding the needs of bidirectional and real-time communications, interoperability between appli- 
cations and reliable communications with low latencies and sufficient bandwidth [25]. Bandwidth, speed 
and real-time requirements depend on the specific application; for instance, billing information requires a 
very low bandwidth, while fast information exchanges are fundamental for early prevention of or system 
recovery from outages. Moreover, high system security has to be ensured to prevent cyber attacks and to 
provide power system stability and reliability. 

A first element in the design of an SG communication infrastructure is the consideration of the system’s 
scalability, as this greatly simplifies the system design, operations and maintenance. 

Another fundamental element is usability, which can be easily achieved by using common interfaces 
such as a Web server, which is easily reachable and configurable using traditional and widely known 
browsers at SW level and widely diffused interfaces and protocols (e.g., Ethernet, Wi-Fi, ZigBee) for 
interconnection of nodes. However, due to security issues, they require some enhancements over general 
purpose applications. 

Interoperability, that is, the ability of SG components to work cooperatively, exchanging information 
is another requirement. This requires adoption of some standards across the communication network. 

There are two IEC standards (61970—301 and 61968-11) that are capable of describing different com- 
ponents and their interrelationships within a hierarchical architecture. Moreover, the IEC 61850 standard 
aims to improve the interoperability between Intelligent Electronic Devices (IEDs) for substation automa- 
tion systems, while the IEEE P2030 standard provides interoperability between the electric power system 
(EPS) and customer-side applications, and the ANSI C12.22 standard is for communication modules and 
smart meters [19]. 

Quality of service (QoS) is another important requirement. Performance degradation such as delays 
or outages may compromise stability; therefore, QoS mechanisms must be provided to satisfy commu- 
nication requirements. Usually they include specifications such as average delay, jitter and connection 
outage probability. To derive the QoS requirement, it is important to describe the probabilistic dynamics 
of the power system needed to evaluate the impact of different QoS specifications on the SG system and 
to derive the QoS requirement from the corresponding SG system. 

In both wired and wireless networks, a very important problem is the availability of robust routing 
infrastructures, which are fundamental for reducing the influence of the above problems. Hybrid routing 
protocols that combine local agility with centralized control are still under development. 
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Other problems are the remote location of nodes, requiring very low-power electronic devices and 
lossy environments, where the presence of high interference requires adaptive and reconfigurable network 
operations. 

Communications can be divided into three distinct categories or layers [19]: 


e Wide area networks (WANs) 
e Field area networks (FANS) 
e Home area networks (HANS). 


The three main tiers that are located between these three networks are the core backbone, back-haul 
distribution and access point. 

The communication between back-haul aggregation points and the core backbone utility center is 
carried over different types of communication networks, such as star networks and fiber or wireless 
networks. In the following, a brief description of transmission categories is given: 


e WANs provide high-bandwidth communications between electric utilities and substations for sens- 
ing, monitoring and control of the SG. Cellular networks, WiMAX and wired communications can 
be used for WAN, but fiber and microwave communications are preferred for their higher band- 
width and reliable communications. PLC is also possible but with reduced bandwidth [54]. Wired 
communications are better from a security point of view because of their intrinsically low possibility 
of cyber attacks. 

e FANs act as bridges between customer premises and substations. Wireless communications such as 
Wi-Fi, WiMAX and Radio Frequency (RF) mesh technologies are suitable for FAN communications. 
Smart meters, advanced distribution automation and integration of distributed energy resources are 
some of the areas of application of FANs. 

e HANs are connected with FANs by smart meters. HANs are low bandwidth and support commu- 
nications among home electrical appliances and the smart meter. Many functions are implemented 
on HANs: smart metering, customers’ information about their own consumption and electricity mar- 
ket opportunities (e.g., prediction of energy cost during the day) for optimum load management and 
communication with the FAN if the customer produces energy, for instance, with PV panels. Many 
interesting functions will be available in the future at HAN level for implementing intelligent load man- 
agement. ZigBee, Wi-Fi, HomePlug, Z-wave and M-Bus are suitable for the HAN category. ZigBee 
has the ability to operate in a mesh network topology, which offers some advantages; that is, some 
devices in a ZigBee mesh can remain in sleep mode when they are not active in the network, which 
results in energy conversion. Wi-Fi cannot support mesh networking and is more expensive and more 
energy hungry. On the other hand, Z-wave is an interference-free wireless standard that is specifically 
designed for the remote control of appliances and widespread for HANs. 


3.11 Advanced Metering Infrastructure and Real-Time Pricing 


Smart metering and advanced metering infrastructures (AMIs) are fundamental in SGs. They create 
a bidirectional communication channel between provider and user, thus allowing cooperation among 
remote advanced sensors, monitoring systems and all computers, SW and data management systems 
available in a modern smart home connected with the SG, thus allowing consumers’ participation in the 
energy market. The AMI includes a meter data management system (MDMS), located at FAN level, nec- 
essary for handling the huge amount of data and managing the raw data, creating meaningful information 
and messages for customers and assisting them in using energy intelligently. The same infrastructure can 
be used for managing information generated by different technological networks, such as electricity, gas, 
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water and — if in the vicinity of a CHP thermal plant — heating. The most known advantage of AMI is that 
customers can participate in the energy market by changing their energy consumption instead of being 
passively exposed to fixed prices, resulting in profits for both service providers and end-users, but it also 
ensures the best SG performance (Figure 3.6) [55]. 

AMI can use different communication technologies, whose choice depends on the number of customers 
and the coverage per area, the availability of Internet connection, the scalability, the required data rate 
and expected communication delay, the expected energy efficiency and so on. 

Low latency and high bandwidth are essential for some AMI critical applications, such as recovery 
from remote failures or elimination of incipient failures detected early, thanks to the available sensors 
network. PLC is widely diffused in urban areas, but may be insufficient for some real-time applications 
requiring bandwidths up to 100 kbps per device. The availability of optical fibers could solve the problem 
while increasing the number of services, too. Instead, RF meshes, GPRS and other cellular transmissions 
are the only viable technology to connect low-density areas. Therefore, in rural areas, smart meters are 
connected with MDMS by using wireless communications. 

In order to successfully implement home energy management (HEM), consumption data gathered from 
each appliance are measured and transferred to a data concentrator, which could be the smart meter itself. 
Hence, data can be used locally to inform customers about their consumption behavior or for their active 
control and are also sent to the utility company for accounting and to enable remote response demand 
management. As already pointed out, ZigBee is currently considered an excellent solution for HEM 
networks. HomePlug and Bluetooth technologies could also be considered, but their cost is not dissimilar 
to that of ZigBee, while their performances are often lower (Figure 3.7). 


3.12 Standards for Smart Grids 


Full standardization of DG and SG devices and protocols is necessary to guarantee proper operations 
with high efficiency, reliability and security. Indeed, efficient and reliable operations can be achieved 
only by adhering to standards. 
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Figure 3.7 Advanced metering infrastructure 


Because of the complexity and the wide spectrum, numerous distinct standards have been proposed 
and often revised to fit with the new developments for SG while others are under study. 

Important standards with regard to the characteristics of DG and SGs are IEEE 1547, IEC 61850-7-420, 
IEC 61400-25, IEEE 1379, IEEE 1344 — IEEE C37.118 and IEEE 519. 

IEEE 1547 is the standard for interconnection of distributed energy resources (DERs) and was pub- 
lished in 2003. It gives a set of criteria and requirements for the interconnection of DG resources into 
the power grid. Currently, there are six complementary standards designed to expand upon or clarify the 
initial standard, two of which are published, while the other four are still drafts. 

IEC 61850-7-420 represents the standard related to communication and control interfaces for all DER 
devices. This standard defines the information models to be used in data exchange among DERs, which 
comprise DG devices and storage devices, including fuel cells, microturbines, PVs and combined heat 
and power. Where possible, it utilizes existing IEC 61850-7-4 logical nodes and defines DER-specific 
logical nodes where needed. Such standards allow significant simplifications in implementation, reduc- 
tion of installation costs, sophisticated market-driven operations and simplification of maintenance, thus 
improving the overall reliability and efficiency of power system operations. 

IEC 61400-25 defines the communication needed for monitoring and control of wind power plants. 
It is a subset of IEC 61400, a set of standards for the design of wind turbines. The standard allows 
control and monitoring of information from different wind turbine vendors in a homogeneous manner. 
The information is hierarchically structured and covers, for example, common information regarding 
the rotor, generator, converter, grid connection and the like. It covers all components required for the 
operation of wind power plants including the meteorological subsystem, the electrical subsystem and the 
wind power plant management system. 

IEEE 1379 is the recommended practice for data communications between remote terminal units and 
intelligent electronic devices in a substation. This standard, published in 2000, provides a set of guide- 
lines for communications and interoperations of remote terminal units (RTUs) and intelligent electronic 
devices (IEDs) in a substation. It does cover two widely used protocols for Supervisory Control and Data 
Acquisition (SCADA) systems: IEC 60870-5 and DNP3. 
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IEC standard 60870-5 deals with telecontrol, teleprotection and the associated telecommunications 
for electric power systems. It provides a communication profile for sending telecontrol messages between 
two power substations and defines operating conditions, electrical interfaces, performance requirements 
and data transmission protocols. 

DNP3 (Distributed Network Protocol) is a set of communication protocols used between components 
in process automation systems. Recently, IEEE adopted DNP3 as IEEE standard 1815-2010 in 2010 
and then modified it in the present standard 1815-2012. 

Standard IEEE C37.118 is the current standard for measurement systems of synchronized phasors [56]. 
Synchronization is fundamental for ensuring proper operations and for eliminating potential faults and 
failures. A phasor measurement unit (PMU), which can be a stand-alone physical unit or a functional unit 
within another physical unit that estimates an equivalent synchrophasor for an AC waveform, is intro- 
duced. The total vector error compares both the magnitude and the phase of the PMU estimate with the 
theoretical phasor equivalent signal for the same instant of time. It provides an accurate method for eval- 
uating the PMU measurement and establishes compliance requirements under steady-state conditions. 
The latter define the levels for phasor frequency, magnitude and angle measurements, harmonic distor- 
tion and out-of-band interference. It is worth noticing that IEEE C37.118 does not establish compliance 
requirements under dynamic conditions or other tests during which the amplitude or frequency of the 
signals varies, even if several dynamic tests are described in this standard. 

IEEE 519 establishes the limits on harmonics amplitudes for currents and voltages at the PCC or at the 
point of metering in an EPS. The limits assure that the electric utility can deliver relatively clean power 
to all customers and protect its electrical equipment from overheating, avoid loss of life from excessive 
currents harmonics and prevent excessive voltage stress because of excessive voltage harmonics. 

IEEE P2030 deals with interoperability of energy technology and information technology operation 
with the EPS and customer-side applications. It is responsible for bidirectional data transfer for electricity 
generation and reliable power delivery. 

IEC 62351 is a standard for cyber security and protection of communication protocols from hackers’ 
attacks. 

Other standards have been defined for communications in WANs, FANs and HANs, for example, 
G3-PLC, HomePlug, PRIME, U-SNAP, IEEE P1901, Z-Wave, IEC 61970 and IEC 61969 and IEC 
60870-6. 

Finally, V2G operations are regulated by SAE J2293, which provides the requirements for EVs and 
electric vehicle supply equipment and SAE J2836 with regard to the communication between plug-in 
electric vehicles (PEV) and power grid, while SAE J2847 is specific for communications between PEVs 
and grid components. 

In conclusion, numerous international standards regulate almost all aspects of DG systems and SGs, 
thus obliging equipment producers and users (service providers, generator builders and final users) to 
fulfill standard requirements to guarantee smooth and correct operation of the whole SG. 
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4.1 Introduction 


Rapid development in power semiconductor technology is one of the driving forces behind the dramatic 
growth of the power electronics field. There is no doubt that traditional silicon technology dominates all 
types of devices, in applications ranging from tiny transistors in mobile and smartphones to 100—200 mm 
sized power transistors and thyristors in grid applications such as high-voltage direct current (HVDC) 
transmission. Silicon technology has established itself in this dominant position because of a mature 
manufacturing process, which results in power devices with application-suited parameters at a reasonable 
cost. It is very hard to imagine a situation in which devices made of any wide-bandgap (WBG) material 
can replace silicon power devices in low-cost applications, such as standard switch-mode power supplies 
or general-purpose industrial motor drives. The situation may be different in applications where specific 
device properties become more important than the cost. However, silicon devices are still improving 
despite the common opinion that this technology has reached its physical limits. The never-ending devel- 
opment of silicon technology can be illustrated by a multitude of examples. These include low-voltage 
metal-oxide semiconductor field-effect transistors (MOSFET)s reaching the on-state resistances of single 
mQ, superjunction MOSFETs with breakdown voltages close to 1 kV with reasonable figures of merit 
(on-state resistance X gate charge), and insulated gate bipolar transistors (IGBTs) with improved thermal 
properties (maximum junction temperature of 175 °C). 

At the same time, a big step has been made in silicon carbide (SiC) power electronics from being a 
promising future technology to being a potent alternative to state-of-the-art silicon technology in applica- 
tions in which high efficiency, high frequency and high temperature are required. The reasons for this are 
that SiC power electronics may offer better performance: higher voltage ratings and lower voltage drops, 
higher maximum temperatures and higher thermal conductivities. Today, several manufacturers have both 
the knowledge and technology to process high-quality transistors at cost levels that facilitate the intro- 
duction of new products in applications where the benefits of the SiC technology can provide significant 
system advantages. The additional cost of the SiC transistors in comparison with their Si counterparts is 
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Figure 4.1 40kVA SiC inverter (300 x 370 x 100 mm) shown together with a copy of the IEEE Industrial Electronics 
Magazine [1] 


today seriously smaller than the reduction in cost or increase in value seen from a system’s perspective 
in many applications. In all the cases mentioned earlier, the SiC transistors are unipolar devices, such as 
junction field-effect transistors (JFET), MOSFET and bipolar junction transistors (BJT). At first sight the 
BJT appears to be a bipolar device. From experiments, however, it is found that presently available 1.2 kV 
SiC BJTs have properties very close to unipolar devices. At turn-on and turn-off, very small amounts of 
charge have to be injected and extracted, respectively. The reason for this is that the doping levels of 
1200 V SiC transistors are so high that any considerable carrier injection is superfluous for the conduc- 
tion mechanism. It is likely that true bipolar devices will be necessary for voltage ratings beyond 4.5 kV. 
The high-voltage high-power area in applications such as HVDC transmission seems to be an excellent 
field of application for IGBTs and BJTs in SiC, as very high number of series-connected devices would be 
necessary to withstand the system voltages. However, since the trend in voltage source converter (VSC) 
based HVDC is focused on modular converters, the need for devices with voltage ratings over 10 kV is 
not certain. The problem may be the relatively high voltage drop because of a SiC built-in potential of 
more than 3 V. In addition, since the fabrication of SiC IGBTs is far more complex than, for instance, 
that of an SiC JFET or BJT, it makes sense to first fully exploit the benefits of these devices. It is possible 
to build switch-mode inverters in the 10-100 kW range with high efficiencies (in excess of 99.5%). A 
fitting example may be a 40 kVA three-phase inverter built with 10 paralleled SiC JFETs on each switch 
position, shown in Figure 4.1. Reduced on-state resistances below 10 mQ together with fast switching 
result in an efficiency of approximately 99.7%. 

Finally, it must be noticed that devices made of another WBG material — gallium nitride (GaN) — has 
offered a voltage range up to 600 V. The advantage is that the fabrication cost is not that high in com- 
parison with SiC transistors. At the same time, the parameters of the GaN unipolar devices outperform 
their silicon counterparts and may be interesting alternatives. But still many issues have to be solved to 
consider GaN power devices in well-established technology. 


4.2 Silicon Power Transistors 


As a background to the description of WBG semiconductor power transistors, a brief overview of 
state-of-the-art silicon-based power transistors is given. The presentation is focused on MOSFETs and 
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IGBTs because these two types of power transistors match the currently available WBG semiconductor 
power transistors with respect to voltage and power ratings. High-power devices such as thyristors and 
integrated-gate commutated thyristors (IGCTs) are not considered. 


4.2.1 Power MOSFETs 


The MOSFET was first described by Hofstein and Heiman in 1963 [2]. The operation of this device 
relies on the formation of a thin insulating oxide layer on top of the silicon surface. If a metallization is 
deposited on top of the oxide layer, the conductivity of the silicon beneath the oxide can be controlled 
by applying a voltage to the metallization on the surface of the oxide layer. If the silicon beneath the 
oxide layer is of p-type, a positive voltage on the metallization attracts electrons to the p-type silicon 
beneath the oxide. If a sufficient quantity of electrons is attracted, the p-type silicon appears to be an 
n-type material. This phenomenon can be used to create an n-type conduction channel through a p-type 
region. Then, the conduction channel can connect two n-type regions on each side of the p-type region 
beneath the oxide layer. The basic structure of a typical vertical power MOSFET is shown in Figure 4.2. 

If a positive voltage is applied across the drain and source terminals in Figure 4.2 (with the higher 
potential on the drain terminal), the current through the channel can be controlled by means of the gate 
voltage; the higher the voltage, the higher the current. For gate voltages below a certain threshold voltage 
(about 5 V), the current is blocked because a sufficient amount of electrons cannot be attracted to the 
p-region below the oxide layer. For high values of gate voltage, the current saturates to a value determined 
by Rds(on), that is, the resistance from the source to drain when the device is saturated. Note that this 
conduction mechanism relies entirely on the drift of the majority carriers, which means that no dynamic 
effects are as such associated with the conduction mechanism. In order to charge the gate, however, a 
sufficient amount of charge has to be provided. This charge transport requires a certain time, both at 
turn-on and turn-off, but this period can be chosen with the gate driver design. 

In the conduction state, the device is saturated with an on-state resistance Rds(on). The value of Rds(on) 
depends on the conductivity of the various regions in the structure and on the total cross-sectional area 
of the current flow from drain to source. In this context, it must be stated that the conductivity of the n7 
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Figure 4.2 Basic structure of a vertical power MOSFET 


72 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


Source 
Gate 


p (drift region) p (drift region) 


Drain 


Figure 4.3 Basic structure of the superjunction MOSFET 


drift region depends on the voltage rating of the device. For high blocking voltages, the doping must be 
low in order to keep the electric field in the depletion layer below the maximum allowable value. When 
the doping level is reduced, the conductivity of the material is also reduced. In addition, the depletion 
layer extends further down in the structure, which means that the thickness of the n~ drift region must 
be increased. The combination of reduced conductivity and increased distance gives a dramatic increase 
in Rds(on) if the voltage rating of the device is increased. As a rule of thumb, Rds(on) is approximately 
proportional to the voltage rating to the power of 2.5. For voltage ratings above 300 V, power transistors 
other than the standard MOSFET are preferred. 

In order to increase the maximum useful blocking voltage of MOSFETs, the superjunction MOSFET 
was introduced by Deboy et al. in 1998 [3]. The new structure is shown in Figure 4.3. This design 
permits much lower values of Rds(on) than those of a standard MOSFET for voltage ratings above 300 V. 
For a 600 V design, Rds(on) may be more than three times lower than for a standard power MOSFET. 
For higher blocking voltages, the reduction in Rds(on) is even higher. Voltage ratings up to 900 V are 
presently available. 

The basic idea behind the reduction in Rds(on) is a p~ column that penetrates deep into the structure 
from the p-body. This arrangement is often referred to as superjunction. The donors of the n` drift region 
are compensated by acceptors in the p~ column. With effective compensation, the vertical electric field 
is almost constant throughout the drift region, which means that the total voltage when integrating the 
electric field through the drift region will be significantly higher than for a standard power MOSFET, 
where the maximum field is only found in a single point (theoretically). The compensation is only effec- 
tive if the doping of the p~ column can be accurately controlled. The fabrication process is, therefore, a 
significant technological challenge, especially if structures with a finer pitch are desired. 


4.2.2 IGBTs 


In the late 1970s, the very good switching properties of the power MOSFET-stimulated researchers to 
locate modifications in the power MOSFET would permit higher blocking voltages without significantly 
increasing the on-state voltage drop. The key to this development was conductivity modulation, which 
means that the conduction process involves not only electrons as in an n-channel power MOSFET but 
also holes. For this modulation to take place, a highly doped p* region, which would inject the necessary 
holes into the structure, had to be added. In 1980, Becke and Wheatley filed a patent [4] describing the 
structure which today is called the IGBT. Basically, the IGBT is just a MOSFET with a highly doped p* 
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Figure 4.4 Basic structure of the punch-through IGBT 


region added outside the drain of a power MOSFET. The first description of the benefits of the IGBT was 
presented by Baliga et al. [5]. Here, the n* drain from the power MOSFET had been replaced with the p* 
collector. The first commercial devices, however, re-introduced a more highly doped n-region between 
the collector and the drift region. This was called the buffer layer, and because this region effectively 
stopped the electric field the resulting device structure was later called a punch-through (PT) IGBT. The 
reason for re-introducing the buffer layer was to prevent the activation of a parasitic thyristor in the 
four-layered structure of the IGBT. The basic device structure of the PT-IGBT is shown in Figure 4.4. 

As already indicated above, the IGBT is similar to the power MOSFET both with respect to con- 
duction and switching. By controlling the gate voltage, the n-channel through the body region could 
be controlled in the same way as in the power MOSFET. An important difference, however, is that the 
conduction process also involves minority carriers injected from the collector into the lowly doped drift 
region. The process of generating the high level of charges in the drift region introduces a new dynamic 
property of the device structure because it takes a finite time to build up the charges. As a consequence, 
the saturation voltage in the on-state is only reached after a certain forward recovery process, and 
during turn-off it may have a considerable tail current. These effects have been described in numerous 
publications, for instance [6]. 

In 1988, Tihanyi introduced the non-punch-through (NPT) IGBT [7]. Owing to the absence of the 
buffer layer, the drift region of the NPT-IGBT must be thicker than for a PT-IGBT with the same blocking 
voltage in order to accommodate for the depletion region in the blocking state. This is of course not a 
benefit, but the on-state voltage drop does not necessarily have to be higher because the thickness of the 
substrate can be thinner for the NPT-IGBT. One benefit of the NPT-IGBT is the increased controllability 
of the manufacturing process compared to the PT-IGBT. As a result of this, the latch-up problem could 
also be solved without the need for a buffer layer. Another difference with the NPT-IGBT compared to 
the PT-IGBT is that the NPT-IGBT has a lower carrier plasma density on the collector side and a higher 
carrier lifetime. This means that the tail current is lower in magnitude but has a considerably longer 
duration. This may be a drawback in soft switching applications [6]. The basic device structure of the 
NPT-IGBT is shown in Figure 4.5. 

Later, this type of IGBT was developed for ever higher voltage and current ratings, and for several 
years IGBTs with voltage ratings of up to 6 kV have been available. These devices typically have bipolar 
characteristics with significant conductivity modulation lags and tail currents. The high-power devices 
are also available in presspack modules, where bond wires and solderings are avoided in order to increase 
the reliability of the device. 

Many modern IGBT designs make use of a trench gate [8]. The main objective of the trench-gate 
structure is to increase the carrier plasma density on the emitter side of the n` drift region. If this is 
achieved, the voltage drop across the drift region can be reduced [9]. At first sight this may seem problem- 
atic, since an increased carrier plasma density could be associated with an increased tail current during 
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Figure 4.5 Basic structure of the non-punch-through IGBT 
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Figure 4.6 Basic structure of a trench-gate IGBT 


turn-off. From experience, however, it is found that this is not a significant problem. On the contrary, 
the plasma on the collector side dominates the influence on the tail current. Especially (but not only) 
for high-voltage designs, trench-gate IGBTs have been successfully commercialized due to their low 
on-state voltage drop, good switching performance and good non-latch-up property. In Figure 4.6, the 
basic structure of a trench-gate IGBT is illustrated. 

As already mentioned, the NPT-IGBT requires a comparably thick n~ drift region because of the tri- 
angular electric field shape. This means that there is the potential to reduce both the on-state losses and 
switching losses if the drift region can be made thinner. By implementing a field-stop layer below the p* 
emitter, the field can be stopped without influencing the p* emitter [10]. In this way, a more trapezoidal 
electric field shape is achieved, which results in a reduction in thickness of approximately one-third. It 
is essential that the field-stop layer has a low dose, such that the comparably low doping of the NPT 
p* emitter can be maintained. Otherwise, the magnitude of the tail current could increase. Today, the 
field-stop technology is state of the art, often in combination with trench-gate structures. Sometimes, 
also an integrated antiparallel diode is implemented by modifying the structure at the collector side. 
All these new devices have both low on-state losses and low switching losses. As such, they are serious 
competitors to all new WBG power transistors. 
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Figure 4.7 Basic structure of the IGCT 


4.2.3 High-Power Devices 


Although high-voltage IGBTs can be designed for very high-power devices by the parallel connection 
of multiple chips, the truly tailor-made power switch in this field is the IGCT. This makes significantly 
better use of the silicon area than the high-voltage IGBT because the IGCT is a whole-wafer component 
where the edge terminations constitute only a tiny fraction of the area, whereas in high-voltage IGBTs 
the edge terminations considerably reduce the effective silicon area with chip sizes of approximately 
12 mm times 12 mm. The IGCT is a refined development of the gate turn-off thyristor (GTO), where an 
optimized gate driver is integrated with the thyristor. The IGCT exhibits the following characteristics 
when compared with those of the GTO [11]: 


Reduced on-state and turn-off losses by the minimization of the silicon thickness. 
Eliminated need for dv/dt snubber. 

Reduced gate-power requirements, especially during conduction. 

Dramatically reduced storage time at turn-off (from 20 us to 1 us). 


Altogether, the IGCT is close to the ultimate power switch and it is therefore suitable for various 
high-power applications. The only thing that can be put against the IGCT is that it is an inherently slow 
power switch. This is a result of an optimization of the conduction losses. From an application viewpoint 
it is also questionable whether fast switching speeds are desirable, because this would result in additional 
stresses on the insulation systems of the surrounding equipment (Figure 4.7). 


4.3 Overview of SiC Transistor Designs 


The combination of great quality improvement in the SiC material [12] together with excellent research 
and development has resulted in a breakthrough in the design and fabrication of SiC devices. This has 
paved the way for a strong commercialization of SiC switch-mode devices [12, 13]. Nevertheless, the 
SiC device market is still in an early stage, and, today, the majority of available SiC transistors (the JFET 
(13, 14], the BJT [15] and the MOSFET [16, 17]) are still not in mass production. Despite the visible 
downward trend, the cost of these components is still higher than their silicon counterparts. In addi- 
tion, currently available discrete devices are only suitable for low-power applications because of the low 
voltage and current ratings of these SiC devices. In particular, voltage ratings in the range of 1200 V and 
current ratings of few tens of amperes are available. Regardless of the type of SiC transistor, the driver 
counts as a vital part when the devices operate in a power electronics converter. The driver requirements 
differ among devices and they should be designed in such a way that they ensure reliable operation. 
Finally, it is also worth mentioning the research progress on the SiC IGBT [13]. 
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4.3.1 SiC JFET 


The first attempts to design and fabricate an SiC JFET were made in the early 1990s, when the main 
research issues were dealing with design optimization in order to realize high-power and high-frequency 
SiC devices [18]. It was during these years that a few research groups started mentioning the advantageous 
characteristics of the SiC material compared to Si [19, 20]. These early SiC JFETs, however, suffered 
from comparably low transconductance values, low channel mobilities and difficulties in the fabrication 
process [19, 20]. Both the improvement in the SiC material and the development of 3” and 4” wafers over 
the last decade have contributed to the fabrication of the modern SiC JFETs [13], and it was in around 
2005 when the first prototype samples of SiC JFETs were released. 

One of the modern designs of the SiC JFET is the so-called lateral channel JFET (LCJFET), as shown 
in Figure 4.8. 

The drain current can flow in both the positive and negative directions depending on the external voltage 
applied, and it is controlled by a buried p* gate and an n* source p—n junction. This SiC JFET is a 
normally-on device, and a negative gate—source voltage must be applied in order to turn the device off. 
By applying a negative gate-source voltage, the channel width is decreased due to the creation of a 
certain space charge region and a reduction in the current is obtained. Below a certain negative value of 
the voltage applied to the gate—source junction no drain current can flow. This gate—source voltage is 
named the “pinch-off” voltage. The range of the pinch-off voltages of this JFET type is usually between 
—16 V and —26 V. Another important feature of this structure is that the p* source side, the n7 drift region 
and the n** drain form the antiparallel body diode. However, the forward voltage drop of the body diode 
is higher compared to the on-state voltage of the channel [13, 21] at rated (or lower) current densities. 
From an on-state power losses point of view, the use of the channel is preferable for negative currents. 
Thus, the body diode may only be used for safety for short-time transitions [22]. This type of SiC JFET 
was released by SiCED (Infineon Technologies) a few years ago. 

The second commercially available SiC JFET was the vertical trench JFET (VTJFET) (released in 
2008 by SemiSouth Laboratories) [23, 24]. A cross-sectional schematic of its structure is shown in 
Figure 4.9. The SiC VTJFET can be produced either as a normally-off (enhancement-mode vertical 
trench JFET, EMVTJFET) or as a normally-on (depletion-mode vertical trench JFET, DMVTJFET) tran- 
sistor. The difference in the device characteristics is made by the change in the vertical channel thickness 
and the doping levels of the structure. A negative gate-source voltage is required in order to keep the 
normally-on depletion-mode JFET in the off-state. On the other hand, a significant gate current (approx- 
imately 200 mA for a 30 A device) is necessary for the normally-off enhanced-mode JFET in order to 
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Figure 4.8 Cross-section of the normally-on SiC LCJFET [1] 
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Figure 4.9 Cross-section of the SiC VTJFET [1] 


keep it in the conduction state. The value of the pinch-off voltage for the DMVTJFET is negative (in the 
level of —6 V), while the value of the pinch-off voltage for the EMVTJFET is slightly positive, around 
1 V. Comparing this type of SiC JFET with the LCJFET, the absence of the antiparallel body diode in 
the DMVTJFET makes the LCJFET design more attractive in numerous applications. On the other hand, 
an external, antiparallel SiC Schottky diode seems to very interesting solution for the VTJFET. Again, 
this diode may only be utilized for short-time transients, which is similar to the internal diode of the 
LCJFET. Except during these short-time transients, the reverse current should flow through the channel. 
When VTJFETs are operating in parallel connection, the antiparallel SiC Schottky diode is an especially 
attractive solution because the voltage drop across the transistors is lower than the threshold voltage of 
the diode. It must be noted that a single diode would be adequate for all parallel JFETs due to the short 
(<500 ns) conduction time of the diode. 

Two more designs of SiC JFET were demonstrated, as depicted in Figure 4.10a and b [25]. The first 
is a buried grid JFET (BGJFET), which is shown in Figure 4.10a. Both low-specific on-state resistance 
and high-saturation current densities are achieved due to the small cell pitch of the BGJFET. However, 
difficulties in the fabrication process may be considered a basic drawback of this design compared to 
the LCJFET. Figure 4.10b presents the double-gate vertical channel trench JEET (DGVTJFET) design, 
proposed by Denso [25], which combines the design characteristics of the LCJFET and the BGJFET. 
In [25], it is claimed that fast switching performance can be achieved due to the low gate—drain capaci- 
tance. Moreover, the small cell pitch and the double-gate control contribute to the low-specific on-state 
resistance. 

Toward the end of 2012, the commercially available SiC JFETs had voltage ratings of mainly 1200 V 
and 1700 V. Current ratings of 48 A and 30A for normally-on JFETs and normally-off counterparts, 
respectively, were also available. 


4.3.2 Bipolar Transistor in SiC 


The SiC bipolar transistor is a normally-off device that combines both a low-saturation voltage (0.32 V 
at 100 A cm~?) [15] and very fast switching performance. Figure 4.11 illustrates a typical cross-section 
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Figure 4.10 (a) Cross-section of the BGJFET and (b) cross-section of the SiC DGTJFET [1] 
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Figure 4.11 Cross-section of the SiC BJT [1] 


of this device (NPN BJT). The cancelation of the base-emitter and base—collector junction voltages 
results in very low-saturation voltage values. However, since the SiC BJT is a current-driven device, a 
substantial continuous base current is required to keep the device in deep saturation. SiC BJTs of 1200 V 
with current ratings in the range of 6-20 A and current gains higher than 70 were reported [26]. The 
fabrication of SiC BJTs with improved surface passivation leads to current ratings of 50 A at 100°C and 
current gains higher than 100. A serious drawback is that the current gain is significantly dependent on 
the temperature (is reduced by more than 50% when the junction temperature is increased by 250°C). 
Despite the base current requirement, SiC BJTs with a competitive performance in the kV range are 
expected in the future. 


4.3.3 SiC MOSFET 


Research and development into the MOSFET in SiC was a challenging issue, especially when the fab- 
rication and stability of the oxide layer is considered. Figure 4.12 presents a cross-section of a typi- 
cal SiC MOSFET design, which is very attractive to designers of power electronic converters due to 
the normally-off characteristic. Unfortunately, low channel mobility results in an increased on-state 
resistance of the device, and thus additional conduction power losses also ensue. Moreover, the relia- 
bility and the stability of the gate oxide layer and the body diode, especially over long time periods and 
at elevated temperatures, have not yet been confirmed. Fabrication issues also contribute to the decel- 
eration in SiC MOSFET development. However, the currently available SiC MOSFETs show a quite 
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Figure 4.12 Cross-section of the SiC MOSFET [1] 


promising performance in terms of switching behavior and on-state resistance values. It is believed that 
these devices will be massively produced in a first place by various manufacturers. 

The first commercial SiC MOSFET was released during the end of 2010 by Cree, while other manufac- 
turers (e.g., ROHM, ST Microelectronics) are also close to having their devices on the market [12, 16]. 
Currently, 1200 V SiC MOSFETs with current ratings of 20—48 A (on-state resistances of 80 mQ and 
160 mQ) are also available, as well as 25 mQ bare dies. Furthermore, SiC MOSFET chips rated at 10 A 
and 10 kV have also been reported by Cree as a part of a 120 A half-bridge module [27]. The 10 kV SiC 
MOSFETs offer very good performance than the state-of-the-art 6.5 kV Si IGBT, but the commercial- 
ization of such a unipolar SiC device is not foreseen in the near future. 


4.3.4 SiC IGBT 


Owing to its excellent performance, the silicon-based IGBT dominates in many application fields for a 
wide range of voltage and current ratings. The fabrication of a silicon n-type IGBT is started on a p-type 
substrate, and such substrates are also available in SiC. Unfortunately their resistivity was found to be 
unacceptably high, which prevents these components from being applied in power electronics converters 
because of large conduction losses. Furthermore, the gate oxide layer issue also results in high chan- 
nel resistivities. These problems have already been reported by many research teams, and it is believed 
that such SiC devices will not be commercialized within the next 10 years [13, 28]. In contrast, even if 
high-voltage SiC IGBTs are released into the market in the future, it is not clear that they will provide 
power losses as low as a high-voltage SiC JFET (e.g., 3.3kV SiC JFET). This may be an issue if con- 
verters based on modular concepts (for instance modular multilevel converters — M2C) will be used for 
high-voltage high-power applications [29]. 


4.3.5 SiC Power Modules 


In order to facilitate the easy and compact design of main circuits for high-power converters with SiC 
switches, power modules must be developed. Recently, a number of attempts have been made to achieve 
both high current ratings and high temperatures. The highest current ratings presented so far are the 
880 A SiC MOSFET module in [12] and the 800 A SiC MOSFET module in [13]. In [12], plans for 
1600 A modules are also presented. Another interesting example is the 1200 V/770 A module shown in 
Figure 4.13. This module is a half-bridge with 14 parallel normally-on SiC JFETs with a total current 
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Figure 4.13 Photograph of the APEI power module 


rating of 378 A. The module has been designed by APEI using SiC 85 mQ JFET chips from SemiSouth 
Laboratories. 


4.4 Gate and Base Drivers for SiC Devices 


The advantageous performance of SiC transistors, especially during the switching transients, may be 
only utilized with suitable driver circuits. These circuits must be capable of providing rapid switching, 
but should also be accompanied by optimized power consumption. In addition, operation at high tem- 
peratures may also be important for these drivers due to the high-temperature capability of SiC devices. 
Various driver circuits for SiC JFETs, SiC BJTs and SiC MOSFETs have been proposed since these 
devices have begun to be available on the market, and selected concepts are presented in this section. 


4.4.1 Gate Drivers for Normally-on JFETs 


The normally-on SiC JFET is a voltage-controlled device, which is in on-state without any gate bias. 
A negative gate—source voltage, lower than the pinch-off, must be provided in order to turn-off the drain 
current. The pinch-off voltage varies between different designs: in the range of —16 V and —26 V for 
LCJFET and around —6 V for DMVTJFET. The simplest method of the normally-on JFET driving is 
the use of the standard totem-pole driver without a positive supply (see Figure 4.14a). When the upper 
transistor is in the on-state the gate potential is the same as the source and the JFET is turned on, otherwise 
the negative supply V,, turns the device off. The switching speed can be controlled by means of a gate 
resistor Rg. According to JFETs features, a slight positive voltage applied to the gate-source junction 
during the on-state may reduce the device’s resistance by 10-15%. Thus, a positive supply of 2.5 V can 
be added to the driver configuration in Figure 4.14a. An example of the switching performance of the 
simple totem-pole driver is presented in Figure 4.15a, in which the turn-on process of the 1200 V/85 mQ 
JFET can be observed. 

In order to ensure the safe operation of the driver, the negative supply voltage V,,, should be chosen to 
be lower than the pinch-off but higher than the reverse breakdown voltage of the gate—source diode. A low 
margin between the pinch-off and the breakdown voltages in conjunction with the parameters’ spread of 
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Figure 4.14 Gate drivers of the normally-on SiC JFET: (a) simple totem-pole driver and (b) driver with DRC network 
presented in [30] 
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Figure 4.15 The turn-on process of the SiC JFET with (a) the simple totem-pole 2.5 V/—15 V driver, (b) DRC driver 
(Cy = 22 nF, Rg = 10Q, Veg = 30 V) — all 40 ns/div, 100 V/div/S A/div 


the first-released LCJFETs made the selection of the appropriate negative supply very hard. One of the 
most popular gate drivers for the LCJFET was proposed in [30], which seems to be a very good solution 
in order to overcome this problem. The main part of the driver (Figure 4.14b) is a parallel-connected 
network with a diode Dg, a capacitor C, and high-value resistor Rg, while a gate resistor Rg is connected 
in series. The negative supply V,,, may be lower than the reverse breakdown voltage of the gate—source 
diode as the gate current is limited by Rg. In order to keep the JFET in the on-state, the totem-pole supplies 
0 V by shorting the gate to the source potential. However, when the device is expected to be turned off, the 
totem-pole voltage jumps from zero to the negative supply. As a consequence, a current peak is supplied 
to the gate of the JFET through the gate resistor Rg and the capacitor Cg. In the steady state, the voltage 
drop across the capacitor C, equals the voltage difference between —V,,, and the reverse breakdown 
voltage of the gate. A small amount of the gate current flows through the resistor R, but the associated 
power loss can be neglected as the current value is very low (a few milli-amperes). The switching speed 
can be adjusted to any value by selecting a suitable value of the gate resistor R, and the capacitor Cg. 
An example of the switching waveforms of SiC JFET driven by the gate driver shown earlier is shown 
in Figure 4.15b. 

Despite the various advantages of the normally-on SiC JFET, a serious issue is that in case of the 
power supply for the gate driver being lost a possibly shoot-through may destroy the device. Therefore, 
a “smart” gate driver is required in order to deal with this problem in practical applications. A successful 
example of a “smart” gate driver for normally-on SiC JFETs is the self-powered gate driver (SPGD), 
which has been presented in [31]. It is basically not only a circuit solution to the shoot-through problem 
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Figure 4.16 Detailed schematic (a) and the start-up sequence (b) of the self-powered gate driver [31] 


(start-up process), but it is also able to supply the required power to the gate during steady-state operation. 
A circuit schematic of the SPGD is shown in Figure 4.16a. The SPGD consists of two DC/DC converters: 
start-up and steady-state converters. Both of these converters are connected in parallel to the normally-on 
SiC JFET. It must also be noted that an optocoupler and an integrated circuit driver (IC driver) are also 
necessary. The first isolates the controller signals from the gate driver circuit, while the IC driver is a 
totem-pole circuit consisting of MOSFETs. 

The start-up converter is basically a modified forward DC/DC converter. When the normally-on SiC 
JFET (Ja) is subjected to a DC-link voltage, a shoot-through current is flowing and the energy of the 
shoot-through current basically feeds the start-up converter and an adequately negative voltage V,, is 
supplied for a certain time in order to turn-off the main transistor J,,. The vital parts of this converter 
are the auxiliary normally-on SiC JFET, J ux the high-turns ratio transformer T/F,, the diode D, and the 
output capacitor C,. Similar to Jn» Jaux 1S also turned off when the output voltage V,, is more negative 
than its pinch-off voltage. 

The steady-state converter is a DC/DC flyback converter that converts the high-value blocking voltage 
across J, to a low and negative voltage V,., which supplies the gate driver. The MOSFET with the inte- 
grated controller is able to start operating when the drain-to-source voltage across it exceeds a certain 
value. Thus, the steady-state converter also starts operating and supplies both the optocoupler and the IC 
driver with a negative voltage. It is clear from Figure 4.16a that the IC driver only supplies the gate of 
the main JFET J „ while the gate of the auxiliary SiC JFET J „x is directly connected to the output of the 
converters. Thus, it means that J,,,, is always kept in the off-state during the steady-state operation of the 
gate driver, while J,,, is controlled by the IC driver. 

Figure 4.16b shows the start-up sequence of the SPGD. It is worth looking at the last trace in this figure, 
where the gate-source voltage of the main SiC JFET V,m is illustrated. This voltage equals the output 
voltage of the start-up converter until tç, while after this time (when the steady-state converter has started 
operating) it is equal to V,.. If it is assumed that after t, the pulse-width modulation (PWM) operation 


starts, it is clear that V,, m jumps from 0 to each negative value and vice versa. 


m?’ 
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Figure 4.17 Measured gate—source voltage of the main SiC JFET, J,, (purple line, 10 V/div), drain—source volt- 
age of J,, (dark-pink line, 200 V/div), shoot-through current Jņ (green line, 10 A/div), short-circuit current flows 
through Jaux» Ijaux (yellow line, 10 A/div) and the sum of the shoot-through currents (light-pink line, 10 A/div; time- 
base 10 ps/div) [31] 


The SPGD has been tested on both a stand-alone test circuit and a half-bridge converter consisting of 
two normally-on SiC JFETs, Ja; and J2- Experimental results showing the performance of the SPGD 
when it is employed on the stand-alone circuit is presented in Figure 4.17. In particular, this figure shows 
the shoot-through currents Zm and aux Which are cleared after approximately 20 us, while the blocking 
voltage of J „ is also illustrated. Finally, Figure 4.18 shows the performance of the SPGD when it is oper- 
ating on the half-bridge converter. The time intervals where the start-up and the steady-state converters 
are operating are clearly defined in this figure. It is also observed from Figure 4.18 that after a certain 


time of steady-state converter operation, the PWM signal is provided and the switching process starts. 
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Figure 4.18 Measured gate-source voltage of the upper SiC JFET, J pı (pink line, 10 V/div), gate-source voltage 
of the lower SiC JFET, J „ (yellow line, 10 V/div), shoot-through current /;,, measured on the drain of Jı (green 
line, 10 A/div) and on the drain of J» (purple line, 10 A/div; timebase 10 ms/div) [31] 
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Apart from the solution analyzed above, there are a few more solutions to the normally-on prob- 
lem, which have been presented so far. A well-known solution is based on a cascode connection of 
the SiC JFET with a low-voltage silicon MOSFET [32]. Thus, the normally-on SiC JFET performs as a 
normally-off switch. However, a serious drawback of this solution is the additional voltage drop across 
the MOSFET, while by introducing a silicon device high-temperature operation is prohibited. A second 
solution that is specialized for VSCs has been studied in [33]. 

The protection scheme proposed in this paper is based on a linear regulator consisting of a normally-on 
SiC JFET, which is connected to the DC link. During a shoot-through condition the protection scheme 
is enabled, and an ultrafast converter supplies a negative voltage to the gates of the lower SiC JFETs 
of the VSC. An external supply, however, is necessary to supply the steady-state power to the gates. 
Another protection scheme for VSCs built with normally-on SiC JFETs has also been presented in [34]. 
The Si IGBT is connected in series with a relay while both are connected in parallel with a charging 
resistor. Using this protection scheme, which is applied in the mid-point between the DC-link capacitors, 
short circuits can be cleared within very short periods. However, the steady-state power to the gate drivers 
of the SiC JFETs also needs to be externally supplied. A protection circuit for normally-on SiC JFETs 
employed in a switch-mode power supply (SMPS) fed by the grid has been presented in [35]. In this 
case, the inrush current during the start-up process is utilized in order to turn-off the JFET. Regardless 
of whether the sinusoidal input voltage starts at zero or at any other value, the safe operation of the JFET 
is ensured. As for most of the previous ideas described above, the drawback of an external power supply 
for the gate driver under steady-state operation is also met in this case. 


4.4.2 Base Drivers for SiC BJTs 


The SiC BJT is a current-driven device, which requires a substantial base current during the on-state in 
order to maintain the device in the saturation region. Then, owing to voltage drops cancelation (vp, and 
Vgc), a collector—emitter voltage is significantly lower than the built-in voltage of the SiC P-N junc- 
tion. An amount of the base current that needs to be delivered to the base-emitter junction from the 
base driver units depends on the power circuit conditions (collector current, junction temperature) and 
the BJT parameters (current gain f). As an example, a 1200 V/6 A BJT employed in a 2kW DC/DC 
boost converter [36] can be taken, where 320 mA of steady-state base current leads to collector—emitter 
voltage being lower than 1 V. The power loss becomes a critical issue for the base-drive unit as the sub- 
stantial steady-state base current flows through the base-emitter junction (voltage drop around 3 V). In 
applications where the collector current is varying versus time, proportional drivers could be interesting 
solutions in order to limit the driving power loss of the BJT. Since SiC BJTs are definitely faster devices 
than their Si counterparts, the well-known proportional base driver circuits with the use of transformers 
might not be the best option. The most problematic issue is the introduction of the parasitic inductances 
and capacitances to the main circuit, which could affect the transistor switching performance. Doubtless, 
more suitable solutions can be found with the use of modern electronic components. All in all, the nec- 
essary condition is a fair trade-off between the base driver complexity and expected power loss savings. 
In the following section, different concepts of the SiC BJT base driver units are discussed, all of which 
operate with a fixed steady-state base current. 

Figure 4.19a shows a simple base driver for SiC BJTs utilizing the totem-pole circuit and a series base 
resistor Rg, which is selected such that a suitable steady-state base current is adjusted. As a consequence, 
the switching speed of the BJT with such a driver is rather low. The switching performance may be 
improved by connecting a parallel speed-up capacitor, C,, as shown in Figure 4.19b [15]. After every 
change in the totem-pole output state this capacitor is charged/discharged, which results in a base current 
peak. More rapid peaks lead to higher switching speeds, which may be adjusted by the supply voltage 
Voc and the capacitance of C}. The higher the supply voltage and the capacitance, the faster the switching 
transients. On the other hand, the power consumption of the base driver is also increased and, therefore, 
it seems that the switching speed and the power consumption is a trade-off. 
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Figure 4.19 Base-drive units for SiC BJT: (a) simple totem-pole driver, (b) driver with speed-up capacitor, (c) dual 
source with resistors and capacitors (2SRC) and (d) current source driver [36, 37] 


Another base driver circuit, with two voltage sources, can be employed in order to combine fast switch- 
ing performance and low power consumption (dual source, see Figure 4.19c) [36]. The high-voltage 
supply Vocu, Which delivers dynamic current peaks through the capacitor branch, contributes to the fast 
switching speed. The power consumption of the driver is reduced by using the low-voltage supply Vec, 
connected to a carefully chosen base resistor. An example of the waveforms during the turn-on process 
is presented in Figure 4.20, where the high current peak provided to the base may also be observed (see 
Figure 4.20a). Turn-on times of the 1200 V/6 A SiC BJT in the range of 30 ns can be observed on the 
waveforms in Figure 4.20b. The steady-state base current is supplied from a low-voltage source, and 
the driver losses during the on-state can be kept fairly low. The dual-source circuit drives the 6 A SiC 
BJT at a switching frequency of 100 kHz, and the 50% duty ratio consumes 1.6 W from the auxiliary 
supply while the corresponding single source design is 2.5 W [36]. Furthermore, the efficiency of the 
DC/DC boost converter with dual source was close to 99%, in contrast with 98.4% measured for the 
single-stage solution. 

The very good performance of the dual-source driver is accomplished by features that could be recog- 
nized as a drawback in some applications. First, the lack of a negative voltage supply could be a problem 
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Figure 4.20 Turn-on process of the 6A SiC BJT with dual-source base driver: (a) base current (2 V/div, 
100 ns/div) and base—emitter voltage (5 V/div) and (b) V į, collector—emitter voltage — 100 V/div; and /,, collector 
current — 2 A/div, timebase 20 ns/div [36] 


when the devices operate in a phase-leg configuration and undesired turn-on may occur. Second, the base 
capacitor must be discharged in order to make the driver ready for the next turn-on process, and this is the 
reason to an associated duty-cycle limitation. Furthermore, C} is a source of high-frequency oscillations 
with parasitic inductances of the transistors package, which must be eliminated as much as possible. 

A gate base driver that has got rid of the mentioned drawbacks above was presented in [37]. Similar 
to the previous solution, a steady-state current is delivered from the low-voltage source Voc through the 
base resistor Rg when T, is on (see Figure 4.19d). The steady-state power loss may therefore be easily 
optimized. The dynamic current peak that is necessary to turn-on the BJT rapidly is generated by the 
special current source, also fed from Voc. In contrast to the dual-source driver, the sole component of the 
dynamic stage is the inductor Lg, which minimizes the high-frequency oscillations problem. As can be 
seen in Figure 4.21, the turn-on of T, while T, is also in the on-state leads to the inductor current rise at 
the required value. Then, the switching between T, and T, breaks the current path to the negative source 
Vp and the inductor current is conveyed to the base of the BJT. It should be highlighted that the current 
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Figure 4.21 Operating principles of the current source driver for SiC BJT (a) and simple logic to obtain the control 
sequence (b) [37] 
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peak value can be easily adjusted by properly adjusting the inductance and/or the time values. A fast 
turn-off process is ensured by supplying a negative voltage bias using V,,, and could also be adjusted by 
changes of the resistance Ry. At the first sight, the current source driver seems to be a complex design, 
especially because of the inductor and control sequence. However, the point is that the inductor can be 
just an air-core inductor (in the range of hundreds of nH) and in order to obtain the suitable logic sequence 
a simple circuit (Figure 4.21b) with one IC (4 x 2 input NANDs) is relatively sufficient. Measurements 
presented in [37] show slightly higher power consumption (1.9 W at 100 kHz) than the dual-stage design, 
but this seems rather to be a result of the non-optimized base driver circuit. 


4.4.3. Gate Drivers for Normally-off JFETs 


At first sight, the SiC EMVTJFET seems to be a voltage-controlled device (the threshold voltage is 
close to 1 V). However, a steady-state gate current is required in order to conduct the drain current, 
especially if a reasonable on-state resistance is targeted [38]. In addition, high current peaks should 
be provided to the gate so that the recharge of the input capacitance of the device will be faster. This 
means that the requirements for the gate driver of the normally-off SiC JFET are very close to those of 
the SiC BJT, which have been discussed in the previous section. Thus, all the designs for the bipolar 
transistor presented above may be utilized after introducing slight changes. A very good proof of this is 
the current source driver case. The same driver board (scheme in Figure 4.19d) was employed to drive the 
normally-off SiC JFET. The only difference was the value of the base (gate) resistor as the JFET requires 
a lower steady-state current. Measurements performed using a double-pulse test circuit are presented in 
Figure 4.22. As can be seen from this figure, a very good dynamic performance of the normally-off SiC 
JFET (1200 V/100 mQ) is observed as switching times counted in tens of ns were achieved. 

The normally-off JFET was the first commercially available and, therefore, became the most widely 
tested and used SiC transistor. Thus, a number of gate driver concepts can be found in the literature and 
especially in manufacturer application notes [39]. Besides RC-coupled drivers, discussed in the previous 
section for SiC BJT, a two-stage gate driver with resistors has been also proposed for a 1200 V/30A 
normally-off JFET as shown in Figure 4.23a. This driver is built with two operating stages. A dynamic 
stage, which consists of a standard driver and a resistor R}, provides high current peaks to turn the 
transistor on and off very fast. A DC/DC step-down converter, a BJT and a resistor R,, constitute the 
second, static operating stage. The auxiliary BJT is turned on when the turn-on transition is finished in 
order to supply a gate current of approximately 200 mA. The absence of the speed-up capacitor results in 
elimination of problems related to charging and discharging times. To some extent, this, may count as an 
advantage of this driver concept, which was also recommended for use in power modules populated with 
SiC JFETs [40]. 
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Figure 4.22 Turn-on (a) and turn-off (b) of the SiC EMVTJFET when current source driver is applied during 
double-pulse test (base current, 4 A/div; drain current, 10 A/div; drain—source voltage, 200 V/div, timescale 20 ns/div) 
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Figure 4.23 (a) Two-stage gate drive unit for normally-off SiC JFETs [20] and (b) AC-coupled gate driver from [41] 


Finally, another AC-coupled gate driver for normally-off SiC JFETs has been presented in [41] in 
order to utilize the fast switching performance of this device (see Figure 4.23b). The steady-state current 
flows to the GS junction via a totem-pole driver, a resistor Rp, and a diode Dpc during the on-state. 
Power loss is limited as the positive supply Vcc is very low, close to 3 V. The speed-up capacitor Cyc 
supports the turn-on process together with the positive supply Vc, while the switching speed can be 
adjusted by selecting an adequate Rç value. At the end of the turn-on process Voc is close to zero and, 
therefore, the duty-cycle limitation problem is avoided. During the turn-off transient, the low impedance 
path with C,, is utilized to achieve the very fast discharge of the input capacitance of the normally-off 
SiC JFET. Afterward the device is kept in the off-state with the use of the diodes D1—D4, which are 
intended to bypass any currents caused by the Miller effect. This feature of the AC-coupled driver is 
especially important due to low pinch-off voltage and significant gate-to-drain parasitic capacitance of 
the SiC EMVTJFET. 


4.4.4 Gate Drivers for SiC MOSFETs 


The MOSFET, among all SiC transistors, seems to be most similar to the state-of-the-art Si counterparts 
or IGBTs when the gate driver is taken into consideration. However, some specific features of the SiC 
MOSFET must be pointed out. Similar to the normally-off SiC JFET, the pinch-off voltage is rather low 
(around 2.5 V) and it decreases with junction temperature. This makes the device more immune to dv/dt 
noise. Furthermore, the transconductance is modest, which can also be counted as a drawback from a 
noise immunity point of view. During rapid changes in the main circuit, the gate circuitry can be easily 
distorted. Another important feature, which is a result of the low transconductance, is that the voltage 
required to turn-on the MOSFET is higher: 20 V is the manufacturer’s recommended value. At the same 
time, the minimum negative voltage is only 5 V. All in all, the driver topology can be, for instance, a 
well-known totem-pole configuration (Figure 4.24a), but special attention must be paid in order to make 
a careful design and eliminate the parasitics. 

Switching test results of 1200 V/160 mQ SiC MOSFET with 1200 V/30 A SiC Schottky with the use 
of a simple totem-pole driver (Figure 4.24a) are presented in Figure 4.25. The positive supply voltage 
of the totem-pole driver equals 24 V, resulting in a turn-on time of approximately 30 ns. The turn-off, on 
the other hand, takes around 50 ns as the negative supply is only 5 V and the gate current dynamics are 
much lower. 
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Figure 4.24 Totem-pole driver (a) for SiC MOSFETs and modified version with Miller clamp [42] (b) 
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Figure 4.25 Waveforms of the SiC MOSFET (CMF10120D) drain—source voltage vps, drain current ip recorded 
during turn-on (a) and turn-off (b) processes (totem-pole driver) 


In order to avoid any noise problems caused by the Miller effect in the bridge-leg configuration, a 
modified totem-pole driver was employed as shown in [42]. Besides the main part with separate turn-on 
and turn-off resistors (Figure 4.24b), an extra bipolar transistor was added to create a low impedance 
path between the MOSFET gate and the negative supply. When the main transistor is in the off-state the 
clamping transistor is turned on and the current, generated after rapid discharging of the DG capacitance, 
flows directly to V,,. The gate resistor and the driver resistance are bypassed, and therefore the slight 
voltage drop caused by the Miller current is still lower than the difference between the negative supply 
Vip (—5 V) and the pinch-off voltage (+2.5 V). Thanks to this driver configuration, even very fast changes 
of the drain potential are not able to turn-on the MOSFET, as shown in [42]. 


4.5 Parallel Connection of Transistors 


The chip size and the associated current ratings of available SiC transistors will not always be sufficient in 
several power electronics applications. Consequently, it is necessary either to build multichip modules or 
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to connect discrete components in parallel. In both cases, it is important to examine both steady-state and 
transient current sharing of the paralleled chips. If the transient current is not uniformly distributed among 
the transistors, the switching losses caused in the most loaded one will result in an increased junction 
temperature. An unequal temperature distribution may also be caused due to non-uniform steady-state 
current sharing. 

The problems of parallel-connected normally-off SiC JFETs are discussed in [43]. Similar research 
dealing with discrete SiC BJTs has also been presented by the same authors. It has been shown that the 
transient currents of the transistors might suffer from mismatches, especially when the switching speed is 
high. On the contrary, they have shown excellent current sharing during the steady-state operation. Even 
though these two SiC devices seem to be preferred from the normally-off characteristics point of view, 
it has been shown that the on-state resistance of the normally-on SiC JFET is comparably lower [44]. It 
is, therefore, worth deeply investigating the parallel connection of this type of SiC JFET. 

As has already been mentioned previously, there are two types of normally-on SiC JFETs avail- 
able as either engineering samples or commercial products. An investigation into parallel-connected 
normally-on LCJFETs and DMVTJFETs has been presented in [45]. Regardless of the type of the 
normally-on SiC JFET, the device parameters that affect the performance of parallel connection are the 
same for both JFET designs. In particular, there are four device parameters that count as the most crucial 
parameters affecting both the transient and the steady-state current sharing. The first crucial parame- 
ter is the on-state resistance of the parallel-connected JFETs, which must have a positive temperature 
coefficient and a low spread. Figure 4.26 illustrates the on-state resistance of four different samples of 
DMVTIJFETs at elevated temperatures. It is clear from this figure that there might be significant differ- 
ences in the on-state resistance among the JFETs. However, the spread of the on-state resistance as such 
remains constant as the temperature increases. 

The second crucial device parameter is the variations in static transfer characteristics (/—V transfer 
characteristics) of the parallel-connected JFETs. Figure 4.27 shows the static transfer characteristics at 
various gate—source voltages for two different samples of DMVTJFETs. Ideally, the /—V characteristics 
of the parallel-connected devices must be identical when looking at the same gate-source voltage. 
Nevertheless, it is obvious from Figures 4.27 and 4.28 that there is a spread in the J-V curves of these 
two devices. For instance, for the gate-source voltage of V,,=—S V the device shown in Figure 4.27 
still conducts the current, while the other device (Figure 4.28) is kept in the off-state. A similar situation 
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Figure 4.26 On-state resistance variation with temperature for four different DMVTJFET samples [45] 
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Figure 4.27 Static transfer characteristics at various gate—source voltages for a specific DMVTJFET sample [45] 
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Figure 4.28 Static transfer characteristics at various gate—source voltages for a specific DMVTJFET sample [45] 
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can be observed if a gate-source voltage of V,,=—4 V is considered. By investigating the /—V curves 
corresponding to this certain gate-source voltage, a spread can be shown. The differences in the Z-V 
transfer characteristics result in different values of transconductance for the parallel-connected SiC 
JFETs. Thus, there might be current mismatched during the switching transitions. At turn-on, for 
example, the JFET having the lowest transconductance turns on slightly more slowly than the others. 

The third and the fourth device parameters are the pinch-off voltage and the reverse breakdown volt- 
age of the gate, V,,,, of the parallel-connected JFETs, respectively. Since the SiC devices are aimed at 
high-temperature operation, it makes sense to investigate their temperature dependences. It is experimen- 
tally found that the pinch-off voltage of both JFET designs is almost temperature independent. This has 
been experimentally shown for the LCJFET in [45], where the static transfer characteristics of a certain 
JFET at room temperature and at 150°C are shown and it is clear that the pinch-off voltage is unchanged. 
Even though the pinch-off voltage is constant at elevated temperatures for both JFET structures, the per- 
formance of V, with respect to the temperature differs between LCJFET and DMVTIJFET. For the 
DMVTJFET Voze is almost unaffected from temperature variations, as shown in Figure 4.29, whereas 
for LCJFET the Vore increases as the temperature increases [45]. In particular, after experimentation, it 
has been shown that the temperature dependence of Vprg for two different samples of the LCJFET design 
might be different. Thus, the margin between the pinch-off voltage and V,,, might also vary among the 
parallel-connected LCJFETs. Finally, at elevated temperatures, it is clear that Ving ÍS increasing (or, in 
other words, its absolute value is decreasing) and the margin between V, and the pinch-off voltage is 
also becoming narrow. 

A serious problem might be faced when two or more LCJFETs with different values of Ving OF even 
different pinch-off voltages are parallelly connected. Especially at high temperatures, the margin between 
these two parameters is so narrow or even negative, so that an unstable operation might occur. A solu- 
tion to this problem [45] is to employ the gate driver as shown in Figure 4.14b, which is supplied by a 
more negative voltage than the most negative V,,, of all parallel-connected devices and limits the gate 
leakage current by means of a high-value resistor R,. Thus, all the devices are forced to PT, but none 
of them will suffer from destruction of the gate—source junction. On the contrary, in the case of the 
DMVTIJFET design both the pinch-off voltage and V, „g are temperature independent, and thus problems 


-22.2 


-22.5 


-22.7 


Reverse breakdown voltage of the gate, Vi, [V] 


20 40 60 80 100 120 140 160 


Temperature (°C) 


Figure 4.29 Measurements of the temperature dependence of the reverse breakdown voltage of the gate of a 
DMVTIFET [45] 
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related to the safety margin between these two parameters are eliminated. However, there might still be 
transient current mismatches caused by the different values of the pinch-off voltage and V,,, among the 
parallel-connected devices. 

Apart from the investigation into the static parameters of the parallel-connected SiC JFETs, it also 
makes sense to study the switching performance. Before going into more details about this it is necessary 
to mention that in order to study the switching performance, the DMVTJFET design was chosen. This 
choice is mainly based on the temperature independent margin between the pinch-off voltage and V, g» 
which has been observed for the DMVTJFET design. Furthermore, the unavailability of new versions of 
the LCJFET design, which in the future might have comparable performance to the DMVTJFET, also 
contributes to the choice of the SiC JFET design. 

The switching performance is studied assuming two pairs of two parallel-connected DMVTJFETs. 
The first pair has different values of V, while the other pair of JFETs has the same (—28.1 V/-19.2 V 
and —28.1 V/—28.0 V, respectively) [45]. It is experimentally shown that a fifth parameter also affects 
the performance of the parallel-connected SiC JFETs. This parameter deals with the positioning of the 
devices on the circuit layout. In particular, different positioning results in different values for the stray 
inductances between the pins of the discrete JFETs. Thus, a different switching performance for each 
parallel-connected device is anticipated. Graphical illustrations for the three different positionings con- 
sidered are shown in Figure 4.30. The circuit layout shown in Figure 4.30c is based on the symmetrical 
placement of the components (the diode is mounted between the JFETs). 
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Figure 4.30 Graphical schematics of the various circuit layouts (a) circuit layout L1, (b) circuit layout L2 and 
(c) circuit layout L3 [45] 
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Current transients for 50,20 with double DRC (layout L1) 
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Figure 4.31 Switching transients for the SiC JFETs with the same reverse breakdown voltage of the gates when var- 


ious circuit layouts are used (a) turn-on and (b) turn-off transients using circuit layout L1; (c) turn-on and (d) turn-off 
transients using circuit layout L2; and (e) turn-on and (f) turn-off transients using circuit layout L3 [45] 


Turn-on and turn-off switching transients for the parallel-connected SiC JFETs with the same and 
different values of V,,., are shown in Figures 4.31 and 4.32, respectively. From these two figures, it is clear 
that an improved switching performance is observed for devices with the same V,,., compared to those 
with different V,, ,. Moreover, the placement of the JFETs on the circuit layout also affects the current 
transient. Considering for instance Figure 4.31, the lowest traces that correspond to the symmetrical 
placement (L1) are somehow improved compared to the other two circuit layouts. However, this is not 
the rule. In fact, if Figure 4.32 is considered the transient current mismatches have not been eliminated 
due to the symmetrical placement of IFETs. Thus, it must be concluded that the switching performance 
of the parallel-connected SiC JFETs is governed by a combination of various parameters related to not 
only the devices but also the circuit layout. 

In order to get rid of the stray inductances, in the future modules populated with several chips must be 
built. In such a case, the question that arises deals with the sorting criterion of the chips. For instance, 
the chips might be sorted with respect to either their pinch-off voltages or V,,, g- 
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Current transients for 50,21 with double DRC (layout L1) 
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Figure 4.32 Switching transients for the SiC JFETs with different reverse breakdown voltage of the gates when var- 
ious circuit layouts are used (a) turn-on and (b) turn-off transients using circuit layout L1; (c) turn-on and (d) turn-off 
transients using circuit layout L2; and (e) turn-on and (f) turn-off transients using circuit layout L3 [45] 


A successful example of the parallel connection of 10 JFETs in each switch position is the 40 kVA 
inverter [46], as shown in Figures 4.1 and 4.33. The on-state resistance of a single switch is lower than 
10 mQ, but because of the relatively low switching frequency (10 kHz) most of the power losses are still 
caused by conduction. Thus, uniform switching of 10 discrete devices is not crucial in this case. How- 
ever, special gate drivers were designed in order to achieve similar driving conditions for all JFETs. The 
number of parallel-connected devices is high (60 transistors and 6 diodes) and the total semiconduc- 
tor cost was around 37.5 USD/kW of rated power, which is higher than the corresponding cost of the 
inverter with Si IGBTs. Nevertheless, the outstanding switching performance of SiC JFETs, as shown in 
Figure 4.33b, and the very high efficiency (over 99.5%, close to 99.7%) constitute the two driving factors 
encouraging investment in such a converter. 

Another interesting example of the parallel-connected SiC devices is a DC/DC boost converter built 
with four SiC BJTs (see Figure 4.34a). For the parallel connection of bipolar transistors, the most impor- 
tant parameters are the on-state voltage drop, which must have a positive temperature coefficient, the 
current gain, the static transfer characteristics and the gate charge of the device, which is required to 
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Figure 4.33 Photograph of the three-phase inverter built with 10 parallel JFETs for each switch position (a) 
and turn-off process of the 10 parallel SiC JFETs (b) (Vps, drain—source voltage — 200 V/div; and IJFET, drain 
current — 20 A/div of one single JFET) with antiparallel SiC Schottky diode (J, diode current — 20 A/div, timebase 
20 ns/div) 
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Figure 4.34 Photograph of the DC/DC boost converter with four parallel SiC BJTs (a) and the dual-source 
driver (b) [47] 


be supplied by the base-drive circuit in order to turn it on. The current gain must be approximately 
the same for all parallel-connected devices in order to ensure equally steady-state current distribution 
if all devices are driven from the same drive unit. Transient current mismatches might be caused if 
the parallel-connected BJTs have different static transfer characteristics and/or different required gate 
charges of the gates. Moreover, as has been demonstrated, the circuit layout might also affect the switch- 
ing performance of the parallel-connected devices. The stray inductances between the pin connections 
of the BJTs and the diode in a DC/DC boost converter, for instance, might contribute to further transient 
current mismatches. But the key issue is to design a suitable base driver that ensures the similar driving 
conditions of all four devices including both dynamic and steady-state currents. For the present DC/DC 
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Figure 4.35 Inductor current and middle-point voltage of the boost converter (a) and heat camera image during full 
power operation (250 kHz, 6 kW) [47] 


converter, a dual-source concept was employed to drive four 1200 V/6 A SiC BJTs (Figure 4.34b). The 
measured power consumption of the driver was 8.5 W at a switching frequency of 250 kHz and 50% duty 
ratio (>2 W/device). Tests conducted at nominal conditions (300 V/600 V, 6 kW, 250 kHz) have shown 
a very good performance of the DC/DC boost converter (see Figure 4.35). Owing to difficulties with 
electrical measurements, especially the BJT currents (the devices and the driver are close to each other 
interfering measurements with Rogowski coils), a heat camera was used to verify the current/power shar- 
ing. The temperatures of the transistor packages are obviously not the same, but the differences are on an 
acceptable level and thermal runaway effect was not observed. This proves the very good performance 
of the parallel connection as most of the total power loss (115 W including passive elements — efficiency 
98.1%) is caused by switching (conduction loss is around 2.1 W/transistor). 


4.6 Overview of Applications 


On the basis of a brief analysis of the available SiC power devices performance presented in earlier 
sections, it is clearly shown that their features are moving power electronics into new areas. When the 
design of power electronic converters is considered with SiC devices instead of their classic Si counter- 
parts, three different design directions may be chosen as shown in Figure 4.36. 

Doubtless, the most obvious direction is the increase in the switching frequency up to a few hundreds 
of kilohertzs as the SiC devices may be switched in the range of nanoseconds. This means that SiC con- 
verters may reach switching frequencies that are not favorable to Si devices (for voltage ratings above 
600 V) unless soft switching techniques are employed [48]. The increase in the switching frequency 
contributes to the further reduction of volume and weight of passive elements (e.g., inductors, capaci- 
tors), which may be counted as a major advantage from a systems perspective [49]. Consequently, more 
compact converters, especially DC/DC converters and inverters with passive filters, might be constructed. 
Finally, owing to the faster switching speeds and higher switching frequencies, the voltage and current 
harmonics are moved up higher in frequency spectrum. This also leads to the volume reduction of the 
EMI (electromagnetic interference) filters [50]. 

The switching times and voltage drops across the SiC devices are definitely lower than their silicon 
counterparts, which result in serious reductions in switching and conduction power losses. In applications 
where the rise in the switching frequency is not a priority, one of the rest two remaining design directions 
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Figure 4.36 Three main directions in design of power electronics converters with SiC devices 


may be chosen. The reduction of the converter power losses is reflected in the decrease in the volume 
and weight of the cooling equipment [46]. Moreover, either liquid or air-forced cooling systems might 
be avoided due to the fact that the amount of dissipated heat is a significantly lower. High efficiency 
is also valuable when power delivery and distribution systems as well as photovoltaic applications are 
considered. In such cases, the lower power loss is directly recalculated into profit. 

The last possible design direction deals with high-temperature converters because of high-temperature 
characteristics of SiC devices (junction temperatures over 450°C). This is a roughly new area of 
power electronics aimed at automotive, space, or drill-hole applications. However, the main obstacle 
at high temperatures is not the device itself, but rather the immature packaging technology, lack of 
high-temperature passive components and logic electronics. Small steps may be made with existing SiC 
transistors before totally high-temperature converters will be released. For example, assuming junction 
temperatures between 200 and 250°C, a reduction in volume and weight may be achieved due to the 
potentially higher thermal resistance of the heat sink. Recently successful examples of high-temperature 
packaging for power modules have been published [51]. Even though the SiC devices were operating 
at junction temperature of 250°C (case temperature below 200°C), there are still questions on the 
reliability and long-term stability requiring answers. High-temperature gate drivers based on the 
silicon-on-insulator technology are currently available [52, 53]. Simultaneously, SiC-based control 
electronics are under development and exhibit very promising characteristics [54]. 

It cannot be denied that SiC power device technology is currently thriving, if not to say in an explosive 
stage, as new things such as new devices, driver concepts, or application examples continuously appear. 
Undoubtedly, only a small portion of all new achievements is shown. It is likely that the most attractive 
examples are kept hidden. This means that it is hard to present the real situation of current SiC technology, 
but, on the other hand, it is still possible to show an overview of what has previously demonstrated. SiC 
Schottky diodes are well-established and mass-produced devices available in either discrete or module 
packages. In contrast, real applications of SiC transistors still seem to be in an early development stage, 
excluding a few low-power application examples. However, using the data of available SiC transistors, 
reasonable forecasts of the performance of future SiC converters are possible. That is why numerous lab- 
oratory prototypes and demonstrators have been developed and experimentally tested by several research 
groups around the world. 


4.6.1 Photovoltaics 


The advantageous characteristics of SiC devices match perfectly in order to meet the expectations of 
the photovoltaic industry, especially when referring to an efficiency increase and integration of the 
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inverter with the photovoltaic panel [55]. Efficiencies above 99% can be reached by replacing Si with 
SiC components in the power range of single kilowatt. Even if the device cost is still higher, the system 
benefits are significant. Furthermore, small inverters integrated on the backside of photovoltaic panels 
may employ SiC transistors in the future. In photovoltaic applications, harsh environmental conditions 
are usually met and high reliability and long lifetime requirements may not be achieved with existing Si 
technology. Nevertheless, the remaining argument against SiC devices is the high cost. Most likely, the 
overall system benefits as well as the expected reduction in the device cost may contribute in solving 
this issue in the future. 


4.6.2 AC Drives 


The chances for the mass introduction of SiC electronics in the field of AC drives are limited. The main 
reason for this is the higher cost than the state-of-the-art Si devices (especially IGBTs), which currently 
almost fulfill the requirements for inverter-fed AC drives. Nevertheless, it is very likely that features of 
the SiC devices could be utilized in many niches. An additional advantage of using SiC devices may be, 
for example, utilized in applications of AC drives that require an LC filter. The increase in switching 
frequency may lead to a significant reduction in the volume and weight of such systems. SiC transistors 
can also be beneficial when high efficiencies and high-power densities are required [48-50]. Finally, 
they may be considered in applications where a high switching frequency is necessary in order to feed a 
high-speed motor. 


4.6.3 Hybrid and Plug-in Electric Vehicles 


The possible system gains when SiC transistors are employed in inverters for hybrid electric vehicles 
are extremely high [56-59]. The integration of power electronic converters with the combustion engine 
using a common cooling system at a temperature above 100°C counts as a current trend. It is not likely 
that all these requirements can be fulfilled using Si electronics. Thus, SiC electronics with much higher 
temperature limits seem to be the best choice. Moreover, very high-efficient converters and inverters 
may be constructed. However, the lack of reliable high-temperature packaging still counts as a serious 
problem. Finally, auxiliary components such as gate drivers, capacitors and so on must also be capable 
of high-temperature operation, which is a great challenge. 


4.6.4 High-Power Applications 


The much higher blocking voltages of the SiC devices make them attractive in the area of high-power 
converters for grid applications such as HVDC. Unipolar devices like JFETs will be the best choice in 
a voltage range up to 4.5kV according to [27]. Future bipolar devices (BJT, IGBTs) may be superior 
for higher voltage ranges. However, the availability of SiC devices with high voltage ratings is currently 
limited, even if a few interesting examples can be found in the literature. The case of a 300 MVA modular 
multilevel converter for 300 kV HVDC transmission is discussed in [60]. As the switching frequency is 
only 150 Hz, the switching losses are very low. Together with the low on-state resistance of the SiC JFETs, 
it is possible to achieve an efficiency increase by 0.3% (900 kW) with respect to Si IGBTs case [61]. The 
benefit is not only the lower amount of heat that needs to be dissipated but also the lower energy cost. 
The possible application of 20kV SiC GTOs in a 120kV/1 kA HVDC interface has been discussed in 
[62]. These devices are compared with 4 x 5 kV Si counterparts by using an analytical device model and 
by performing system simulations. Employing the 20kV SiC GTOs, a significant efficiency increase is 
expected at higher junction temperatures. Another interesting example of the high-voltage capability of 
SiC JFETs is shown in [48], where six 1.2kV transistors connected in a super cascode configuration 
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were tested up to 5kV in a DC/DC converter. With 6.5 kV JFETs, this converter would be able to operate 
at a voltage level over 20 kV in a distribution system. Moreover, the 10kV SiC MOSFET is often con- 
sidered for high-voltage applications such as solid-state transformers [63]. In this case, while the power 
losses are a few times lower than for 6.5kV IGBTs, the switching frequency of such a converter is 
increased from 1 kHz to 20 kHz in order to reduce the size of the high-voltage transformers. The 15 kV 
n-channel SiC IGBT has been considered in a study regarding smart grid applications [64]. Despite the 
very promising simulation results of the n-channel SiC IGBT (low on-state voltage, switching energies 
>6.5 kV Si counterpart, etc.), experimental verification has only been done with a 12 kV/10 A SiC IGBT 
in the laboratory [27]. 


4.7 Gallium Nitride Transistors 


GaN is another interesting WBG semiconductor material that offers a great potential in the area power 
semiconductor devices. A brief analysis of the material properties, presented in Table 4.1, shows that 
both WBG materials (SiC and GaN) outperform silicon in most parameters. Possible improvements 
of the power semiconductor devices may also be found in this table. The higher critical field strength 
of WBG semiconductors allows devices to be built with higher blocking voltages and lower leakage 
currents. The electron mobility, which is much higher for GaN than for silicon or SiC, is an important 
factor when the operating frequency is considered. Thus, GaN devices are superior at high frequencies, 
and this feature has already been utilized in many radio frequency (RF) applications. On the other hand, 
thermal conductivity, which is comparable to Si, reduces the expectations for high-temperature operation. 

Nowadays, mass-produced blue laser diodes are built on bulk GaN substrates, but for the manufac- 
turing of RF or power devices a high-quality material (low number of defects) is required. It seems that 
heteroepitaxy wafers are the best choice and GaN on Si is advantageous over GaN on SiC because of the 
expectations of lower costs in the future. On the other hand, the thermal expansion coefficient of GaN 
(5.6) is more than two times higher than that of Si (2.6), and therefore the thermal cycling of the devices 
may be an issue. Currently, solutions based on GaN on sapphire substrate are also considered, but in most 
cases GaN-on-Si substrate are used. Wafers with diameters of 6” are currently commercially available, 
but 8” wafers have also been demonstrated. 

There is no doubt that the technological development of GaN power semiconductor devices is a few 
years behind that of SiC, but the progress is very rapid, and in addition to engineering samples, commer- 
cial devices are also available. 

The most common device design in GaN is the high-electron-mobility transistor (HEMT). The basic 
structure of this transistor (Figure 4.37a) suffers from the same drawback as the first designs of the SiC 
JFET: that is, the normally-on property. A negative voltage must be supplied to the gate in order to block 
the current flow between the drain and the source contacts as can be seen in Figure 4.37a [65]. The 
two-dimensional electron gas with high mobility existing between the GaN and AlGaN layers results in 
a very high conductivity and low on-state resistance. The high critical field leads to very small device 


Table 4.1 Material properties of silicon, 4H-SiC and GaN 


Material property Si 4H-SiC GaN 
Bandgap (eV) 1.1 3:2: 3.4 
Critical field (106 V cm7!) 0.3 3 3.5 
Electron mobility (em? V~! s7!) 1450 900 2000 
Electron saturation velocity (106 cm s7!) 10 22 25 


Thermal conductivity (W cm~? K) 1.5 5 1.3 
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Figure 4.37 Structure of GaN transistors (a) normally-on HEMT, (b) normally-off HEMT and (c) GIT 


sizes and, therefore, very low capacitance. All in all, GaN HEMTs show much higher RonxC figures of 
merit than silicon FETs. 

In order to overcome potential difficulties with the normally-on characteristic a cascode circuit can 
be used [66], and also enhanced-mode transistors with normally-off characteristics have been developed 
[65]. An example of a device structure that is commercially available and has ratings of 200 V/12 A [66] 
is presented in Figure 4.37b. This device offers low on-state resistance with a slightly lower temperature 
dependence than that of Si MOSFETs and low capacitances because of the lateral structure. On the other 
hand, the low threshold voltage (only 1.6 V) may, unfortunately, result in gate mistriggering problems. 
Owing to the expected difficulties with the parasitic components, the devices are delivered in an land grid 
array (LGA) package where the parasitic inductance of the electrodes is significantly lower compared to 
other packaging technologies. 

Other designs based on HEMT concepts have also been presented [66-68]. Definitely the 600 V class 
devices [67, 68] made on SiC substrates may be recognized as the most interesting. For instance, on-state 
resistances of 150 mQ and pulsed drain currents of 70 A have been reported for the normally-on HEMT 
in cascade configurations [67]. Furthermore, similar data can be found for the device presented in [68]. 

Another device design, the so-called gate injection transistor (GIT)-— see cross-section in 
Figure 4.37c — also targets higher blocking voltages [69]. The p-type AlGaN gate decreases the electron 
concentration in the electron gas under the gate and allows designs with normally-off characteristics. 
At appropriate gate voltages, holes can also be injected into the channel region and channel- 
conductivity modulation occurs. This will result in higher drain currents, but this, unfortunately, also 
means that a certain gate current is required. According to [70], a 600 V/15 A GIT with 58 mQ and 
10 nC is available. 
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The competitive performance of the GaN transistors has been proven by a number of demonstrators. 
According to [71], a DC/DC isolated converter (1.5 MHz 42 V/12 V) that employs HEMTs offers up to 
5-25% better efficiency than a comparable system consisting of Si MOSFETs. Similar improvements 
can be found in [66] where, for instance, the DC/DC LCC converter (400 kHz 300 V/30 V) is 3-17% 
more efficient than a corresponding solution with superjunction MOSFETs in Si. Apart from DC/DC 
converters, three-phase inverters in GaN were also presented. A 2 kW/100 kHz inverter operating at 350 V 
DC has been reported in [67]. An efficiency of 98.5% was achieved with the use of the 600 V HEMTs. The 
same application example, basically a low-voltage motor drive, can also be found for GITs [72]. Other 
concepts such as bidirectional switches can also be obtained by considering this device. Photovoltaic 
inverters count as another interesting example of GaN GITs for possible future applications [70]. A boost 
converter, presented in [70], with 600 V/15 A GIT and GaN Schottky reaches an efficiency of 98.6% at 
a power level of 1.2 kW (250 V/350 V conversion). 

It is very likely that the fast growth of GaN power transistor technology will play an important role 
within the semiconductor market. The main expansion area may be placed below the 600 V class. Doubt- 
less, GaN devices offer better performance than their Si counterparts and the only necessary requirement 
for a breakthrough is a cost reduction to an acceptable level. The competition against Si and SiC in the 
1200 V class is also possible, but the parameters of GaN transistors are still uncertain at this voltage level, 
and, therefore, their impact on applications still remains questionable. 


4.8 Summary 


This chapter aims to give an introduction to state-of-the-art SiC and GaN power transistors and their 
applications. As background, a short description of MOSFETs, IGBTs and IGCTs in silicon is first pre- 
sented. After this, a presentation of power transistors in SiC is given. Even though device structures are 
shown, the focus of the presentation is the use of SiC power transistors in power electronic converters in 
the kilowatt to megawatt power range. The benefits, drawbacks and specific properties of the different 
transistor designs are treated in detail. 

Special attention is also given to gate and base drivers of the SiC power transistors presented. This 
section is especially important to readers who want to start new experimental activity on SiC power elec- 
tronics, because knowledge of gate and base drivers is one of the most important issues for the successful 
operation of power electronic converters. From the presentation, it is clear that standard silicon MOSFET 
drivers will typically not yield fruitful results when applied to currently available SiC power transistors. 
A dedicated section is devoted to solutions for the normally-on problem of some SiC JFET deigns. 

Another important issue is parallel connection as the available SiC power transistors usually have 
comparably low current ratings. Both theoretical foundations and experimental results for specific cases 
are presented in order to guide the reader in this matter. Converter designs with up to 10 parallel devices 
are presented as examples. 

In the next section, an overview of the applications for SiC power transistors is given. First, how the 
properties of SiC power transistors can be utilized in order to achieve specific benefits is demonstrated. 
Next, different applications such as photovoltaics, AC drives, hybrid electric vehicles and high-power 
applications, are presented. 

Finally, an overview of GaN power transistors is given. The presentation is focused on HEMT and GIT 
designs. 
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5.1 Introduction 


This chapter introduces a new class of power converters, that is, ac-link universal power converters 
[1-12]. This category of power converters is described as “universal,” because the inputs and outputs 
of these converters can be dc, ac, single phase, or multiphase. Therefore, they can be employed in a 
variety of applications including, but not limited to, photovoltaic (PV) power generation, battery—utility 
interfaces, battery chargers and wind power generation. 

In ac-link universal power converters, the link has high-frequency alternating current and voltage; 
therefore, there is no need for dc electrolytic capacitors at the link. Considering all the problems asso- 
ciated with bulky electrolytic capacitors, such as temperature dependency, this converter is an excellent 
alternative to dc-link converters. 

In fact, the ac-link universal power converter is an extension of the dc-dc buck—boost converter and 
by adding complementary switches and modifying the switching scheme, the link inductor, which is the 
main energy storage element in this converter, can have alternating current instead of direct current. This 
improves the performance of this converter and increases significantly the utilization of the link. 

The following section presents a summary of the steps required to convert the dc-dc buck—boost 
converter to an ac-link ac—ac buck—boost converter. In Section 5.3, the soft switching version of the 
ac-link universal power converter is introduced. It is shown that placing a small capacitor in parallel 
with the link inductor enables the converter to benefit from soft switching, which significantly increases 
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its efficiency. The principles of operation of the soft switching ac-link universal power converter are 
studied in Section 5.4. A design procedure and an analysis method are presented in Sections 5.5 and 
5.6, respectively. Some of the applications of this converter are discussed in Section 5.7, and finally 
Section 5.8 summarizes this chapter. 


5.2 Hard Switching ac-Link Universal Power Converter 


Let us start from the most basic configuration, a dc-dc buck—boost converter, as shown in Figure 5.1. Ina 
buck—boost converter, the link is first charged from the input and then discharged into the output. Clearly, 
this circuit has two modes of operation: mode 1, the charging of the link and mode 2, the discharging of 
the link. During mode 1, switch S1 conducts and during mode 2, switch S2 conducts. It is assumed that 
this buck—boost converter operates at the boundary of continuous and discontinuous conduction modes. 
Switch S2 needs to block reverse voltage. Hence, in Figure 5.1, a diode is placed in series with this switch. 
Voltages V1 and V2 are both assumed to be positive. In a conventional buck—boost converter, switch $2 
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Figure 5.1 dc-dc buck—boost converter: (a) configuration, (b) energizing mode (mode 1), (c) de-energizing mode 
(mode 2) and (d) voltage and current waveforms 
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Figure 5.3 ac-link dc-dc buck—boost converter: (a) configuration, (b) energizing mode in positive direction 
(mode 1), (c) de-energizing mode in positive direction (mode 2), (d) energizing mode in negative direction (mode 3), 
(e) de-energizing mode in negative direction (mode 4) and (f) current and voltage waveforms 
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is usually removed and the diode conducts during mode 2. This converter can also be demonstrated, as 
represented in Figure 5.2. Although switches S3 and S4 are unnecessary for this case, they are required 
for the subsequent steps. 

In order to have an alternating inductor current or, in other words, to allow the link inductor to charge 
and discharge in both positive and negative directions, four other switches should be added, as depicted 
in Figure 5.3. The link cycle can then be divided into two half cycles with the positive link current during 
the first half cycle and the negative link current during the second half cycle. This results in an alternating 
link current. This converter has four modes of operation: mode 1, the charging of the link with positive 
current; mode 2, the discharging of the link with positive current; mode 3, the charging of the link with 
negative current; and mode 4, the discharging of the link with negative current. Switches S1, S2, S3 and 
S4 conduct when the inductor current is positive, whereas switches S5, S6, S7 and S8 conduct in the case 
of a negative link current. 

If bidirectional power flow is required, then the number of switches needs to be doubled, as shown 
in Figure 5.4. Switches S1—S8 transfer the power from V1 to V2 and switches S9—S16 are responsible 
for transferring the power from V2 to V1. The converter shown in Figure 5.4 is, in fact, a bidirectional 
ac-link dc-dc buck—boost converter. 

Adding more legs to each side of this converter yields multiphase bidirectional ac-link converters, 
such as the dc to multiphase ac, multiphase ac to dc and multiphase ac to multiphase ac configurations 
shown in Figure 5.5. Dc—ac, ac—de and ac—ac buck—boost converters were first proposed by Ngo [13]. 
However, in those configurations the switches were unidirectional, resulting in a dc-link current. 

The principle of operation of the multiphase converter is similar to that of the dc—dc converter; how- 
ever, the main challenge is to determine the contribution of each phase of the multiphase system to the 
charging or discharging of the link. Let us consider a three-phase inverter, as shown in Figure 5.5(a). 
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Figure 5.4 Bidirectional ac-link dc-dc buck—boost converter 
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(c) 


Figure 5.5 (a) Bidirectional ac-link dc—ac buck—boost converter, (b) bidirectional ac-link ac—de buck—boost con- 
verter and (c) bidirectional ac-link ac—ac buck—boost converter 
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As the input of the inverter is dc, the charging of the link in this case is similar to that of the de—dc 
converter. However, during the discharging mode, there is one link to be discharged and two phase pairs 
to be charged from the link. In a balanced three-phase system, the sum of the phase currents at any instant 
is zero. One of them is the highest in magnitude with a certain polarity, while the other two phase currents 
have lower magnitude with the opposite polarity. Although there are three phase pairs in a three-phase 
system, considering the polarity of the current in each phase, only two of these phase pairs can provide a 
path for the current when connected to the link. Therefore, the charged link transfers power to the output 
by discharging into two phase pairs. The two phase pairs are the one formed by the phases having the 
highest current and the second highest current, and the other formed by the phases having the highest 
current and the lowest current, where the currents are sorted as highest, second highest and lowest in 
terms of magnitude alone. For example, if J, ,=—10A, I, ,=7A and /, ,=3 are the three-phase cur- 
rents, then phase pairs ab and ac are chosen to be charged from the link, because phase pair be cannot 
provide any paths for the current. Therefore, in the case of dc to three-phase ac, there are six modes of 
operation. Similarly, in a three-phase ac—ac system, each charging and discharging mode will be split 
into two modes, which results in eight modes of operation. 

It must be noted that, in practice, the incoming switches on the output side need to be turned on 
before turning off the outgoing switches on the input side. However, being reversed biased, the incoming 
switches do not conduct before the outgoing switches are turned off. On the other hand, the incoming 
switches on the input side might need to be turned on after the link current is zero and the outgoing 
output-side switches are turned off. This might result in operation of the converter in discontinuous 
conduction mode. 


5.3 Soft Switching ac-Link Universal Power Converter 


As seen in the previous section, the ac-link universal power converter transfers power entirely through 
the link inductor (L). Placing a small capacitor (C) in parallel with the link inductor allows the switches to 
be turned on at zero voltage, as well as to benefit from a soft turn-off. Figure 5.6 shows the configuration 
of an ac—ac soft switching ac-link universal power converter. 

This converter is a partial resonant converter, that is, only a small time interval is allocated to reso- 
nance in each cycle. Hence, while the resonance facilitates the zero voltage turn-on and soft turn-off of 
the switches, the LC link has low reactive ratings and low power dissipation. This is the main difference 


Figure 5.6 Soft switching bidirectional ac-link ac—ac buck—boost converter 
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between the soft switching ac-link universal power converter and the parallel resonant ac-link converter 
introduced in [14]. Although these converters seem similar, their principles of operation are totally 
different. 

The first partial resonant ac—ac buck—boost converter was proposed by Kim and Cho [15]; however, it 
contained merely unidirectional switches and, hence, the link current had a de component that reduced 
significantly the utilization of the link. 

Owing to the soft switching, the switching losses in soft switching ac-link universal power converters 
are negligible and the frequency of the link can be very high, which results in a compact link inductor and 
filter components. Moreover, the zero voltage turn-on of the switches results in reduced voltage stress on 
the switches. 


5.4 Principle of Operation of the Soft Switching ac-Link Universal 
Power Converter 


The principle of operation of the soft switching ac-link universal power converter is similar to that of 
the hard switching ac-link universal power converter. The main difference is that between each charging 
and discharging mode there is a resonating mode during which none of the switches conduct and the link 
resonates to facilitate the zero voltage turn-on and soft turn-off of the switches. 

To explain the principle of operation, a three-phase ac—ac converter is considered. The basic operating 
modes and relevant waveforms of this converter are represented in Figures 5.7 and 5.8. Each link cycle is 
divided into 16 modes, with 8 power transfer modes and 8 partial resonant modes taking place alternately. 
The link is energized from the input phase pairs during modes 1, 3, 9, and 11 and is de-energized to the 
output phase pairs during modes 5, 7, 13 and 15. Modes 2, 4, 6, 8, 10, 12, 14 and 16 are resonating modes. 
The following are the details of various operating modes: 

Mode 1 (energizing): Before the start of mode 1, input switches that are supposed to conduct 
during modes 1 and 3 are activated (S6, S10 and S11 in Figures 5.7 and 5.8); however, they do not 
immediately conduct because they are reverse biased. Once the link voltage, which is resonating before 
mode 1, becomes equal to the maximum input line-to-line voltage that is supposed to charge the link 
(Va, in Figures 5.7 and 5.8), the proper switches (S6 and S10) become forward biased, initiating 
mode 1. Therefore, the link is connected to the input voltage pair having the highest voltage via 
switches that charge it in the positive direction. Owing to the high frequency of the link, V,, can be 
assumed constant during mode 1. The link current (ix) during mode 1 can be calculated using the 
following equations: 


di; ink) 
Van = LA (5.1) 
. 1 f“ Vast 
Tink(t) = if Vagdt = A + i in (O) (5.2) 


In the above equations, L is the link inductance. During this mode, the link voltage is equal to Vp, as 
shown in Figure 5.7. 

The link charges until the current of phase B on the input side, when averaged over a cycle, meets its 
reference value. It is assumed that phase A carries the maximum input current; hence, it will be involved 
in charging the link during both modes 1 and 3. At the end of mode 1, switch S10 is turned off. As 
mentioned earlier, the link capacitor acts as a buffer across the switches during their turn-off, which 
results in negligible turn-off losses. 

Mode 2 (partial resonance): During this mode, none of the switches conduct and the link resonates 
until its voltage becomes equal to that of the other input phase pair, which is supposed to charge the 
link (Vc in Figures 5.7 and 5.8). The voltage across this phase pair is lower than the voltage across the 
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Figure 5.7 Circuit behaviors in different modes of operation [12] 
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Figure 5.7 (continued) 
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(g) Mode 7 
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Figure 5.7 (continued) 
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Figure 5.7 (continued) 
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Figure 5.7 (continued) 


phase pair that charged the link during mode 1. In this mode, the circuit behaves as a simple LC circuit 
described by the following equations: 


dV, (f 
i (Ð = —i (Ð = cM (5.3) 
V ik = Sil (5.4) 


In the above equations, i (f), V;;,,(¢) and C are the capacitor current, the link voltage and the link 
capacitance, respectively. As the current passing through the capacitor is equal to “—i,;,,()” and the 
inductor current is positive, (dV x (®)/dt is negative, implying that the link voltage is decreasing. 

Mode 3 (energizing): Once the link voltage reaches the voltage across the input phase pair AC, switches 
S6 and S11 are forward biased, initiating mode 3, during which the link continues to charge in the positive 
direction from the input phase pair having the second highest voltage (Vc). At the end of mode 2, the 
link voltage is equal to V,.. Hence, at the instant of switch turn-on, the voltage across the corresponding 
switches is zero. This implies that the turn-on occurs at zero voltage as the switches transition from 
reverse to forward bias. For the case shown in Figure 5.7, during mode 3, the link charges until the 
current of phase A on the input side, averaged over a cycle, meets its reference value. All the input 
switches are then turned off, initiating another resonating mode. 

Mode 4 (partial resonance): During mode 4, the behavior of the circuit is similar to that of mode 2 
and the link voltage decreases until it reaches zero. At this point, the output switches that are supposed 
to conduct during modes 5 and 7 are activated (S19, S20 and S21 in Figures 5.7 and 5.8); however, being 
reverse biased, they do not conduct immediately. 

The sum of the output currents at any instant is zero. One of them is the highest in magnitude and 
of one polarity, while the two lower magnitude ones are of the other polarity. As mentioned earlier, the 
charged link transfers power to the output by being discharged into two output phase pairs. The two phase 
pairs are the one formed by the phases having the highest current and the second highest current, and 
the one formed by the phases having the highest current and the lowest current, where the currents are 
sorted as highest, second highest and lowest in terms of magnitude alone. The phase pair with the lower 
line-to-line voltage is chosen as the first one into which the link is discharged. In Figures 5.7 and 5.8, it 
is assumed that phase A carries the maximum output current. 

Once the link voltage reaches V,co (assuming Vaqo is lower than Vago), Switches S21 and $20 will 
be forward biased and will start to conduct, initiating mode 5. 
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Mode 5 (de-energizing): The output switches (S20 and S21) are turned on at zero voltage to allow the 
link to discharge into the chosen phase pair until the current of phase C on the output side, averaged over 
the link cycle, meets its reference. At this point, S20 will be turned off, initiating another resonating mode. 

Mode 6 (partial resonance): The link is allowed to swing to the voltage of the other output phase pair 
chosen during mode 4; for the cases shown in Figures 5.7 and 5.8, the link voltage swings from Vico 
to Vago: 

Mode 7 (de-energizing): During mode 7, the link is discharged into the selected output phase pair until 
there is just sufficient energy left in the link to swing to a predetermined voltage (V nax), which is slightly 
higher than the maximum input and output line-to-line voltages. At the end of mode 7, all the switches 
are turned off allowing the link to resonate during mode 8. 

Mode 8 (partial resonance): The link voltage swings to V pax and then it starts to increase (because it is 
negative, its absolute value decreases). At this moment, the input switches that are supposed to conduct 
during modes 9 and 11 are turned on; however, they do not conduct immediately because they are reverse 
biased. Once the absolute value of the link voltage becomes equal to V,p, switches S1 and S3 will be 
forward biased. 

Modes 9 through 16 are similar to modes 1 through 8, except that the link is charged and discharged in 
the reverse direction. For these modes, the complimentary switch in each leg is switched when compared 
with the ones switched during modes | through 8. 

Choosing the proper input-side switches during modes 8 and 16 is similar to choosing the proper 
output-side switches during modes 4 and 12. The sequence and the pairs are selected in order to minimize 
the partial resonance times while meeting the desired harmonic levels. Therefore, first the two phase pairs 
that can be involved in the energizing process need to be determined. These are the phase pairs formed 
by the phase with the maximum current and the two other phases. The switches connected to the input 
phase pair that has the higher line-to-line voltage conduct during the first energizing mode (mode | or 9). 
Whereas the switches connected to the output phase pair that has the lower line-to-line voltage conduct 
during the first de-energizing mode (mode 5 or 13). This will result in minimized partial resonance time 
and guarantees the zero voltage turn-on of the switches. 

As observed, the input-side and output-side switches never conduct simultaneously, which implies 
that the input and output are isolated. However, if galvanic isolation is still required, a single-phase 
high-frequency transformer can be added to the link. In order to have a more compact converter, the 
transformer can be designed such that its magnetizing inductance plays the role of the link inductance, 
as depicted in Figure 5.9. In practice, the link capacitor needs to be split into two capacitors placed at the 
primary and the secondary of the transformer. The principle of operation of the converter with galvanic 
isolation is similar to that of the original converter. 


Figure 5.9 Soft switching bidirectional ac-link ac—ac buck—boost converter with galvanic isolation 
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5.5 Design Procedure 


To simplify the design procedure, the resonating time, which is much shorter than the power transfer 
time at full power, will be neglected. Moreover, charging and discharging are each assumed to take place 
in one equivalent mode instead of two modes during each power cycle. For this, the link is assumed 
to be charged through a virtual input phase with the input equivalent current and voltage, and similarly 
the link is assumed to be discharged into a virtual output phase with the output equivalent current and 
voltage. Considering that the phase carrying the maximum input current is involved in the energizing of 
the link during both modes 1 and 3, and, similarly, that the phase carrying the maximum output current 
is involved in the de-energizing of the link during both modes 5 and 7, the input and output equivalent 
currents in a three-phase ac—ac ac-link universal power converter can be calculated as follows: 


31 eak 
La = = (5.5) 
T 
3 on 
l= = Sipeale (5.6) 
o-eq m 


where J; peak and Z o,peak ALE the input and output peak phase currents. It can be shown that input and output 


equivalent voltages are equal to 


zV; 
_ i,peak 
Visa ae cos 0; (5.7) 
nV 
o,peak 
Vo-eq = 5) os 0, (5.8) 
where V; peak? Vopeaks COS(0;) and cos(@,) are the input peak phase voltage, output peak phase voltage, 


input power factor and output power factor, respectively. It should be noted that for the dc-dc, dce—ac, 
or ac—dc cases, we do not need to consider any virtual phases for the dc side. Design of these cases is 
similar to the ac—ac case, except that the equivalent current and voltage of the dc side are, in fact, the 
average current and voltage of that side. 

Figure 5.10 represents one cycle of the link current. The following equations describe the behavior of 
the circuit during the charging and discharging of the link: 


Vist 


i-eq" charge 
L ink,peak = L (5.9) 
Vosa ldischarge 
Link peak = ra = (5.10) 


In the above equations, the following parameters T inkpeak? fcharge 44 faischarge represent the peak of the 
link current, the total charge time during modes 1 and 3, and the total discharge time during modes 5 and 
7, respectively. 

Equations (5.9) and (5.10) determine the relationship between the charge time and discharge time as 


follows: Vit 

o-eq’ discharge 
f a ee 5.11 
charge Vig ( ) 


Consequently, the ratio of the total duration of modes 1 and 3 to the period of the link current, which 


is twice the sum of the charging time and discharging time, is 


t V, 


charge 1 o-eq 


T 2 Virg a Voze 


(5.12) 
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Figure 5.10 Link current when the resonating time is negligible 


On the other hand, the equivalent input current can be calculated based on the link peak current, the 
energizing time and the link current period, which is as follows: 


Lsa = 2X Z x X toharge X [Link peak (5.13) 


i-eq 


Using (5.12) and (5.13), the following equation is derived for determining the link peak current: 


Vize 
Tink peak =2x Tine x (: + V - ) =2x Mica t Isg) (5.14) 


o-eq 
This implies that the input and output currents determine the link peak current. The frequency of the 


link f can be chosen based on the power rating of the system and the characteristics of the available 
switches. Once the frequency is chosen, the following equation determines the inductance of the link: 


P 


7 TC eae 


where P is the rated power. Figure 5.11 shows the relationship between the link frequency and link 
inductance. It can be observed that choosing a higher link frequency results in a lower link inductance. 

Link capacitance is chosen such that the resonating periods are retained within a small percentage of 
the link cycle: 


(5.15) 


— =f (5.16) 


5.6 Analysis 


As mentioned earlier, the resonating time is normally negligible at full power. However, at lower power 
levels, the power transfer time (energizing and de-energizing time) is usually shorter than the power 
transfer time at full power, whereas the resonating time is almost constant. Therefore, the resonating 
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Figure 5.11 Link inductance versus link frequency 
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Figure 5.12 Link voltage and current when resonating time is not negligible 


time cannot be neglected at lower power levels. Figure 5.12 shows the link voltage and current over one 
cycle, assuming that the resonating time is not negligible. 

If the resonating time is negligible, then (5.14) and (5.15) may be used to calculate the link peak current 
and the link frequency at different power levels. However, when the resonating time cannot be neglected, 
the analysis will become more complicated. 
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Considering the principle of operation, the link current at the end of the de-energizing mode J, can be 


calculated by 
L = y| Wha — Ve (5.17) 


Solving the resonant LC circuit during the time period ¢,, J; and ż, can be calculated as follows: 


(5.18) 


€|- 


= tan”! aia + tan”! ae (5.19) 
f Veg ee 


In the above equations, œ, is the resonant angular frequency, which can be calculated by 


o, = — (5.20) 


In order to find the link peak current and the link frequency, the current at the end of the energizing 
mode (J,), the current at the beginning of the de-energizing mode (J/,), the resonating time between the 
energizing and the de-energizing mode (f,), and the total energizing and de-energizing time should be 
determined first. Five other equations should be solved in order to determine J,, J, t,, and fdischarge" 
These equations are as follows: i 


Charge 


Bok 
Vea = Le (5.21) 
charge 
L-1, 
ga rs (5.22) 
discharge 
feharge 
b= = DAI 5.23 
ieq 2(teharge F ldischarge + t + a i 4 i l 
Laisc arge 
La = ~_ (Lats (5.24) 


0,eq 
2(t charge + Laischarge + ti T t) 


1 _[{ 4Le, _[ hlo, 
t, = — | a-tan - — tan (5.25) 
“ w, Voia Viei 


Once these equations are solved, J ink peak aNd f can be calculated as follows: 


I, (5.26) 


ink,peak = 


(5.27) 


f= 7G 


charge a Vaischarge + t F t) 


It can be shown that by decreasing the power level, the link peak current decreases, whereas the link 
frequency increases. It should be noted that in this converter, the maximum link frequency is equal to the 
resonant frequency. Figures 5.13 and 5.14 represent the link peak current and link frequency variations 
versus power, respectively. 
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Figure 5.14 Link frequency variations versus power 


5.7 Applications 


5.7.1 Ac—ac Conversion (Wind Power Generation, Variable frequency 
Drive) 


Ac—ac converters are needed in several applications, including wind power generation and variable 
frequency drives. Different configurations of variable speed wind turbine systems are illustrated in 
Figure 5.15. As seen in this figure, the line-frequency transformer is an inseparable part of these 
configurations. Traditionally, dc-link converters, which are formed by a rectifier and an inverter, are 
employed in wind power generation systems. In the simplest case, the rectifier can be formed by a 
diode bridge. To improve the currents, the dc-link converter can be implemented by a PWM rectifier 
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Figure 5.15 Wind turbine configurations in variable speed constant frequency systems: (a) indirect drive using 
doubly fed induction generator, (b) indirect drive using squirrel-cage induction generator, (c) indirect drive using 
wound-field synchronous generator, (d) direct drive using permanent magnet synchronous generator and (e) direct 
drive using wound-field synchronous generator [17] 
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and a PWM inverter. Regardless of the topologies of the inverter and the rectifier, a de electrolytic 
capacitor, which deteriorates severely the circuit reliability and lifetime, is an integral part of dc-link 
converters. High switching losses and high device stresses are other important limitations of this type of 
converter [16, 17]. 

Because both the frequency and amplitude of its voltage can be changed, the ac-link universal power 
converter can be employed as an interface between wind-driven generators and the grid. Owing to its high 
reliability, compactness and low weight, this converter is an excellent candidate for wind power gener- 
ation applications. In order to employ the ac-link universal power converter in such an application, the 
three-phase transformer used for wind power generation is replaced with a single-phase high-frequency 
transformer added to the link. 


5.7.2 Dc-—ac and ac—dc Power Conversion 
5.7.2.1 PV Power Generation 


In past designs, a centralized converter-based PV system was the most commonly used type of PV system. 
As shown in Figure 5.16, in this system, PV modules are connected to a three-phase voltage source 
inverter. The output of each phase of the inverter is connected to an LC filter to limit the harmonics. A 
three-phase transformer, which steps up the voltage and provides galvanic isolation, connects the inverter 
to the utility [18-26]. 

Low-frequency transformers are considered poor components mainly because of their large size and 
low efficiency. To avoid the need for low-frequency transformers, multiple-stage converters are widely 
used in PV systems. The most common topology, which is represented in Figure 5.17, includes a volt- 
age source inverter and a dc-dc converter. Commonly, the dc-dc converter contains a high-frequency 
transformer. Despite offering a high boosting capability and galvanic isolation, this converter consists 
of multiple power processing stages, which lower the efficiency of the overall system. Moreover, bulky 
electrolytic capacitors are required for the dc link. Electrolytic capacitors, which are very sensitive to 
temperature, might cause severe reliability problems in inverters, and an increase by even 10°C can 
halve their lifetime. Therefore, PV inverters containing electrolytic capacitors are not expected to pro- 
vide the same lifetime as the PV modules. Consequently, the actual cost of the PV system involves 
periodic replacement of the inverter, which increases the levelized cost of energy extracted from the 
PV system. Considering the aforementioned problems, it is essential to support the design of alternative 
inverter topologies with higher reliability and lower cost [18—26]. 

The ac-link universal power converter can overcome most of the problems associated with existing 
PV inverters. As mentioned earlier, the control scheme of this converter guarantees the isolation of 
the input and output. However, if galvanic isolation is required, the link inductor can be replaced with 
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Figure 5.16 Centralized converter-based PV system [6] 
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Figure 5.17 Multiple-stage conversion systems used in PV applications [6] 
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Figure 5.18 Soft stitching ac-link universal power converter for PV applications [6] 


a single-phase high-frequency transformer, which eliminates the need for low-frequency transformers 
employed in traditional centralized converter-based PV systems. With or without a transformer, the 
proposed inverter is capable of stepping up or stepping down the voltage. The other merits of the 
proposed inverter are the elimination of the dc link and the replacement of the bulky electrolytic 
capacitors employed in the multiple-stage conversion systems with an LC pair having alternating current 
and voltage. 

Because the direction of power flow in a PV inverter is always from the PV toward the load, the PV-side 
switches do not need to be bidirectional. Figure 5.18 shows the soft switching ac-link PV inverter. 

Although this inverter does not have a dc link, it can inject reactive power into the grid during voltage 
sags. To provide the low-voltage ride-through (LVRT) feature, the PV-side switches should be replaced 
by bidirectional switches, as illustrated in Figure 5.19. The principle of operation of the inverter dur- 
ing the grid fault is slightly different from that of normal operation. During mode 1, the link will be 
charged through the PV up to a certain level. Then, similarly to normal operation, it will be discharged 
into the output phases; however, no net energy is taken from the link in this case. After the output-side 
switches are turned off, the energy stored in the link is discharged into the PV-side capacitor. In this case, 
the PV-side filter capacitor absorbs the energy discharged into the input. Therefore, in order to provide 
the LVRT feature, the PV-side filter capacitor needs to be designed based on the reactive power rating 
of the inverter. Once the link is completely discharged, it will be recharged from the PV with current 
flowing in the opposite direction. In fact, this method of control can also be used for normal opera- 
tion. In the case of normal operation, the energy remaining in the link after turning off the output-side 
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Figure 5.19 ac-link universal inverter for PV application with LVRT feature [6] 
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switches, which needs to be discharged into the PV-side capacitor, is much lower than that of the grid 
fault case. 


5.7.2.2 Battery—Utility Interface 


A battery—utility interface is a bidirectional dc—ac converter. In such a system, during times of excess 
energy, the battery is charged from the grid through the interfacing ac—dc converter, storing de electricity 
in the battery. Once the stored energy is required, the battery should switch from charge mode to discharge 
mode such that it can feed the load. Of course, for this purpose, the dc electricity should be converted to 
ac through the dc—ac inverter. 

Electrochemical batteries can switch between their charge and discharge modes very quickly; therefore, 
the main challenge is to develop low cost and robust bidirectional converters that can switch rapidly 
between charge and discharge modes. 

The duration of the power reversal process in soft switching ac-link universal power converters is only 
limited by the resonance period of the input/output filters. As the frequency of the link can be as high as 
permitted by the switches and their associated controller, the resonance frequency of the input and output 
filters can be very high, resulting in a short power reversal time. This feature, along with other merits of 
the soft switching ac-link universal power converter, makes it an excellent candidate for battery—utility 
interface applications. 


5.7.3 Multiport Conversion 


Owing to the intermittent nature of PV and wind power, hybrid energy sources are very common in 
renewable energy systems. In the case of a hybrid system, both power sources need power electronics 
interfaces to be connected to the load. One solution is to use two separate converters, but a more efficient 
and reliable method is to use a multiport converter to connect several power sources to the load. Thus, it 
is essential to investigate multi-input/output converters. 

As an example, a hybrid PV—battery source is considered in this section. Two common inverter con- 
figurations exist for hybrid distributed energy systems including dc sources. The first system is formed 
by a hybrid inverter that consists of two inverters operating in parallel, whose outputs are tied to the 
grid through a low-frequency transformer. Similar to traditional single-input/single-output inverters, 
the main drawback of this scheme is the existence of the low frequency and, thus, the bulky trans- 
former. The other configuration is a multi-input dc—dc converter coupling with an inverter for feeding 
ac loads, which has the same disadvantages as the multi-stage PV inverters discussed in the previous 
section [18—26]. 
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Figure 5.20 Multiport ac-link universal converter [11] 


In light of these problems, a single-stage multiport high-frequency ac-link converter might be an 
outstanding candidate for this application. Figure 5.20 depicts the schematic of a soft switching mul- 
tiport ac-link universal power converter interfacing a PV source, a battery and a three-phase ac load. 
There are three switch bridges in this configuration: one connected to the PV modules, one connected 
to the battery and one connected to the load. As seen in Figure 5.20, the PV switch bridge contains only 
unidirectional switches, while the other two bridges contain bidirectional switches to allow bidirectional 
power flow. 

Depending on the power generated by the PV modules, the battery state of charge (SOC) and the load 
requirements, there are four possible power flow scenarios in this converter, that is, power flow: 


1. From the PV modules to the load 

2. From the battery to the load 

3. From the PV modules to the load and the battery 
4. From the PV modules and the battery to the load 


If the grid-connected configuration is considered, another scenario is one in which power flows from 
the grid to the battery. 

Depending on the power flow scenario, there might be more than one input phase pair used to charge 
the link or more than one output phase pair into which the link is discharged. In order to have more control 
over the currents and to minimize input and output current harmonics, the link charging or discharging 
mode can be split into two or more modes. 

Figures 5.21—5.23 represent one cycle of the link current in each power flow scenario. Of course, 
the sequence of the charging or discharging of the sources/loads in a link cycle also depends on their 
voltage values. For example, in Figure 5.23, it is assumed that the voltage of the battery is higher than 
the voltage across the PV modules; therefore, it charges the link in mode 1 and the PV modules charge 
the link during mode 3. If the voltage across the PV modules is higher than the battery voltage, they 
charge the link during mode 1 and the battery charges the link in mode 3. 
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Figure 5.21 Link current of the multiport ac-link universal power inverter during the first and second power flow 
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Figure 5.22 Link current of the multiport ac-link universal power inverter during the third power flow scenario [11] 


In the first and second power flow scenarios, the converter behaves as a dc—ac inverter. In this case, 
the link cycle is divided into 12 modes with 6 power transfer modes and 6 resonating modes. The link 
is energized from the battery (in the second power flow scenario) or PV modules (in the first power flow 
scenario) during modes 1 and 7, and is de-energized into the load during modes 3, 5, 9 and 11. Modes 2, 
4, 6, 8, 10 and 12 are the resonating modes. 

In the third power flow scenario, the converter converts dc power to ac and dc (dc/ac+dc). In this 
scenario, the link cycle is divided into 16 modes with 8 power transfer modes and 8 resonating modes. 
The link is energized from the PV during modes 1 and 9 and is de-energized to the load and the battery 
during modes 3, 5, 7, 11, 13 and 15. 

In the fourth power flow scenario, power flows from two dc sources to an ac load (de+dc/ac). In this 
case, the link cycle is divided into 16 modes, including 8 power transfer modes and 8 resonating modes. 
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Figure 5.23 Link current of the multiport ac-link universal power inverter during the fourth power flow 
scenario [11] 


The link is energized from the PV and the battery during modes 1, 3, 9 and 11 and is de-energized into 
the load during modes 5, 7, 13 and 15. 


5.8 Summary 


The ac-link universal power converter is a new class of power converter with several advantages. In 
fact, this converter is an extension of the dc-dc buck—boost converter to dc—ac, ac—de and ac—ac con- 
verters. Hence, the main energy storage component in this converter is the link inductor, which has a 
high-frequency alternating current. Placing a small capacitor in parallel with the link inductor facilitates 
the zero voltage turn-on and soft turn-off of the switches. In this converter, the input and output are iso- 
lated; however, if galvanic isolation is required, a single-phase high-frequency transformer can be added 
to the link. 

Considering its negligible switching losses, higher efficiency, higher reliability and compactness, this 
converter is an excellent candidate for several applications, including PV power generation, wind power 
generation, battery—utility interfaces and power electronics interfaces for hybrid energy sources. 
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6.1 Introduction 


To date, wind power is still the most promising renewable energy source, as reported in [1], because it 
has relatively low energy cost. The wind turbine system (WTS) technology started with a few tens of 
kilowatts of power in the 1980s, whereas nowadays, multi-megawatt (MW) wind turbines are generally 
installed and their size is still growing [2—5]. There is a widespread use of wind turbines in the distri- 
bution networks and more and more wind power stations are acting as traditional power plants, which 
are connected to the transmission networks. For example, Denmark has high wind power penetration in 
major areas of the country, and today, more than 30% of the country’s electrical power consumption is 
covered by wind [6]. 

Initially, wind power did not have a serious impact on the power grid system. The wind turbine solution 
was based on a squirrel-cage induction generator (SCIG) connected directly to the grid, and thus, power 
pulsations in the wind were almost directly transferred into the networks. Furthermore, there was no 
controllability for the delivered active and reactive powers, which are important control parameters in 
regulating the frequency and voltage of the grid system. Nowadays, following the dramatic increase in the 
penetration and power level of wind turbines, wind power has a significant impact on the grid operation. 
Wind turbine solutions with more power electronics have become dominant [7]; this is mainly because 
the power electronics can change the characteristics of the wind turbines from being an unregulated 
energy source to being an active power generation unit. It is worth mentioning that the power electronics 
technology used for wind turbines is not new, but some special considerations that are valid in wind 
power applications have to be carefully taken into account [2—5, 8]. 

The scope of this chapter is to give an overview and discuss some trends in power electronics technolo- 
gies used for wind turbines. First, the developments of technology and of market trends in wind power 
applications are discussed. Next, different wind turbine concepts are reviewed and some dominant and 
promising power converter solutions in wind power applications are presented. Furthermore, some con- 
trol methods and grid demands, as well as the emerging reliability challenges, for future wind turbines 
are explained. 
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6.2 Development of Wind Power Generation 


The wind power has grown rapidly to a cumulative level of 282 GW worldwide with over 45 GW installed 
in 2012 alone; this is more than any other renewable energy source [1]. The annual market for electri- 
cal power capacity in 2011 was around 208 GW; this number indicates that wind power is really an 
important player in the modern electrical energy supply system. The worldwide energy penetration by 
wind power was 2.5% in 2010 and the prediction for 2019 is more than 8% or 1 TW. China became the 
largest market in 2011 with over 17.6 GW wind power installed, together with the entire European Union 
(EU) (9.6 GW) and the United States (6.8 GW), sharing around 85% of the global market in 2011. The 
cumulative capacity of wind power generation from 1996 to 2012 is shown in Figure 6.1. 

Regarding the markets and manufacturers, in 2011, the Danish company Vestas was still on the top posi- 
tion among the largest wind turbine manufacturer in the world, closely followed by GE and Goldwind, 
both sharing the second position in the market. Figure 6.2 summarizes the worldwide top suppliers of 
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Figure 6.1 Cumulative installed capacity of wind power from 1996 to 2012 [1] 
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Figure 6.2 Distribution of the global share of wind turbine market in 2011 [1] 
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Figure 6.3 Evolution of wind turbine size and the power electronics impact in the last 30 years (shadow area inside 
the circle indicates the power coverage by converters) 


wind turbines in 2011. It is interesting to note that four Chinese companies are in the top 10 manufacturers 
with a total market share of 26%. 

The size of the wind turbine unit is also increasing dramatically in order to reduce the price per 
generated kilowatt-hour. In 2011, the average individual wind turbine size delivered to the market was 
1.7 MW, among which the average offshore turbine size achieves a power level of 3.6 MW. The grow- 
ing trends of emerging wind turbine size between 1980 and 2012 are shown in Figure 6.3 [7]. It can be 
noted that in 2012, the cutting-edge 8 MW wind turbines with diameters of 164m had already appeared 
on the market [9]. Currently, most manufacturers are developing wind turbine systems in the range of 
4.5-8 MW, and it is expected that the increasing number of large wind turbines with multi-MW power 
levels, even up to 10 MW, will be present in the next decade, driven mainly by the overall goal to lower 
the energy cost [10]. 


6.3 Wind Power Conversion 


The WTS captures wind power by means of aerodynamic blades and converts it to rotating mechanical 
power in the shaft of the generator. In order to have proper power conversion, the tip speed of the blade 
should be lower than half that of the sound speed, and thus, the rotational speed will decrease as the 
diameter of the blade increases. For typical multi-MW wind turbines, the rotational speed ranges between 
5 and 16 rpm, and this might result in bulky generator solutions and might increase installation costs. One 
of the most weight-efficient solutions to convert the low-speed, high-torque mechanical power is to use 
a gearbox, as illustrated in Figure 6.4 [6]. 

Today, the high-speed doubly fed induction generator (DFIG) with a large gearbox and a partial-scale 
power converter is dominating the market, but in the future, in order to obtain optimum overall per- 
formance, multipole permanent magnet synchronous generators (PMSGs) with simpler or no gearbox 
solutions using a full-scale power converter, are expected to take over. Actually, synchronous generators 
with either external excitation or with permanent magnets are becoming the preferred technology in the 
best-selling power ranges of the wind turbines [1—4]. However, the uncertain price trends of permanent 
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Figure 6.4 Converting wind power into electrical power in a wind turbine [11] 


magnet materials might change the philosophy of the adopted generator and drive trains of WTSs in 
order to avoid the risk of high expense. 

Between the grid and the generator, a power converter can be inserted where the transformers and filters 
have a pivotal role regarding the volume and losses of the entire system. All wind turbine manufacturers 
use a step-up transformer for connecting the converter/generator to the power grid; however, research 
is ongoing to replace it with more power semiconductors — leading to future high-power high-voltage 
transformerless solutions, which is a future technological challenge [12]. 


6.3.1 Basic Control Variables for Wind Turbines 


For a WTS, it is essential to be able to limit the mechanical power generated by the turbines under 
higher wind speeds in order to prevent overloading. The power limitation can be achieved by stall con- 
trol (blade position is fixed but stall of the wind appears along the blade), active stall control (blade angle 
is adjusted in order to create stall along the blades), or pitch control (blades are turned out of the wind). 
The characteristics of the output mechanical power using the three types of power limitation methods 
are compared in Figure 6.5 [3]. It can be seen clearly that pitch control can achieve the best power limi- 
tation performance, and it has already become the dominant technology in the most recently established 
wind turbines. 

Another control variable of wind turbines is the rotational speed of blades. In the past, this control 
freedom has not been utilized and the rotational speed is fixed during the entire operational range of 
wind speeds. Although fixed speed turbines have the advantages of being simple and robust with low-cost 
electrical parts, the drawbacks are even more significant, such as uncontrollable electrical power, large 
mechanical stress during wind gusts, and limited output power quality. 

Nowadays, variable speed wind turbines are widely used in order to achieve better aerodynamic 
efficiency and overall control performance. By introducing variable speed operation, it is possible to 
continuously adapt the rotational speed of the wind turbine to the wind speed, such that the tip speed 
ratio is maintained constant in order to achieve the maximum power coefficient of the blades and, 
thereby, the maximum power-extracting efficiency of the wind turbine. The power variations in wind 
will be absorbed by the speed changes of the rotor; thus, the mechanical stress and acoustic noise can 
be reduced. In addition, the power converters used for speed adjustment can also provide better power 
controllability of the wind turbines, which helps fulfill the higher technical demands imposed by the 
grid operators. This feature is becoming a critical determining factor in the development of future wind 
power technologies [12]. 
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Figure 6.5 Power limitation by different methods (passive stall is based on fixed speed operation) [11] 


6.3.2 Wind Turbine Concepts 


The solutions used for WTSs have also changed dramatically during the last 30 years with four to five 
generations having emerged, as illustrated in Figure 6.3. Generally, existing wind turbine configurations 
can be categorized into four concepts [5]. The main differences between these concepts are the types 
of generator, the power electronics, speed controllability and the way in which the aerodynamic power 
is limited. 


6.3.2.1 Fixed Speed Wind Turbines (WT Type A) 


As shown in Figure 6.6, this configuration corresponds to the so-called Danish concept that was very 
popular in the 1980s. The wind turbine is equipped with an asynchronous SCIG and smoother grid 
connection can be achieved by incorporating a soft starter, which is bypassed during the normal gen- 
eration mode. 
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Figure 6.6 Fixed speed wind turbine with direct grid connection using a soft starter during connection 
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A disadvantage of this early concept is that a reactive power compensator (e.g., capacitor bank) is 
required to compensate the reactive power demand from the asynchronous generator (AG). Because the 
rotational speed is fixed without any controllability, other considerations are that the mechanical parts 
must be strong enough to withstand adverse mechanical torque, and the wind speed fluctuations are 
transferred directly into the electrical power pulsations, which could yield to unstable voltage/efficiency 
in the case of a weak grid. 


6.3.2.2 Partial Variable Speed Wind Turbine with Variable Rotor Resistance (WT Type B) 


As presented in Figure 6.7, this concept is also known as OptiSlip (Vestas™) and emerged in the 
mid-1990s [9, 13]. It introduces the variable rotor resistance and, thus, limits the speed controllability 
of wind turbines. Typically, a wound rotor induction generator (WRIG) and the corresponding capacitor 
compensator are used, and the generator is connected directly to the grid by a soft starter, as with the 
Type A concept. 

A technological improvement of this concept is that the rotational speed of the wind turbine can be 
partially adjusted by dynamically changing the rotor resistance. This feature contributes to mechanical 
stress relief and smoother output of electrical power. However, the constant power loss dissipating in the 
rotor resistors is a significant drawback for this concept. 


6.3.2.3 Variable Speed WT with Partial-Scale Frequency Converter (WT Type C) 


Currently, this concept is the most established solution and it has been widely used since the start of 
the century. As shown in Figure 6.8, a back-to-back power electronic converter is adopted in conjunc- 
tion with a DFIG. The stator windings of the DFIG are connected directly to the power grid, while the 
rotor windings are connected to the power grid by the power electronic converter, which normally has a 
capacity of 30% of that of the wind turbine [14, 15]. 

Through use of a power electronic converter, the frequency and current in the rotor can be regulated 
flexibly and, thus, the variable speed range can be extended further to a satisfactory level. Meanwhile, 
the power converter can regulate partially the output power of the generator, improving the power quality 
and providing limited grid support. The smaller converter capacity makes this concept attractive from a 
cost point of view. However, its main drawbacks are the use of slip rings and the challenging power con- 
trollability in the case of grid faults; these disadvantages might compromise the reliability performance 
and they might not satisfy future grid requirements. 
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Figure 6.7 Partial-scale variable speed wind turbine with variable rotor resistance 
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Figure 6.8 Variable speed wind turbine with partial-scale power converter and a doubly fed induction generator 


6.3.2.4 Variable Speed Wind Turbine with Full-Scale Power Converter (WT Type D) 


Another promising concept that is becoming popular for newly developed and installed wind turbines is 
shown in Figure 6.9. It introduces a full-scale power converter to interconnect the power grid and stator 
windings of the generator; thus, all the power generated by the wind turbine can be regulated. In this 
concept, the AG, wound rotor synchronous generator (WRSG) and PMSG have all been reported. 

The elimination of slip rings, a simpler or even an eliminated gearbox, full power and speed con- 
trollability, as well as better grid support capability, are the main advantages of this solution compared 
with the DFIG-based concept. Owing to the use of a full-scale power converter, the voltage level of 
the power conversion stage can be flexible. In the future, the voltage might be high enough to connect 
directly to the power grid without need of a bulky low-frequency transformer, this advantage might be an 
attractive feature for future WTSs. However, the more stressed and expensive power electronics and the 
price of permanent magnet materials might raise some uncertainties for this concept regarding further 
commercialization [7]. 


6.3.2.5 Wind Turbine Concepts Comparison 


Comparing the different wind turbine solutions reveals a contradiction between cost and performance. 
Table 6.1 shows a comparison of the grid-side control, cost, maintenance and internal turbine perfor- 
mance of the four turbine concepts [11]. It can be seen that owing to the use of power electronic con- 
verters, Type C and Type D WTSs can achieve much better power controllability regarding the rotational 
speed, control bandwidth and delivered active/reactive power compared with Types A and B solutions. 
Moreover, it is clear that wind turbine concepts of Types C and D enable many important features when 
connecting to the power grid; therefore, they are much more suitable to be grid integrated. Consider- 
ing that the price for the power semiconductor devices has been kept decreasing during recent decades, 
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Figure 6.9 Variable speed wind turbine with full-scale power converter 
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Table 6.1 System comparison of wind turbine configurations 


System Type A Type B Type C Type D 
Variable speed No No Yes Yes 
Control active power Limited Limited Yes Yes 
Control reactive power No No Yes Yes 
Short circuit (fault-active) No No No/yes Yes 
Short circuit power Contribute Contribute Contribute Limit 
Control bandwidth 1-10s 100 ms 1 ms 0.5-1 ms 
Standby function No No Yes + Yes ++ 
Flicker (sensitive) Yes Yes No No 
Soft starter needed Yes Yes No No 
Rolling capacity on grid Yes, partly Yes, partly Yes Yes 
Reactive compensator (C) Yes Yes No No 
Island operation No No Yes/no Yes 
Investment ++ FE + 0 
Maintenance ++ ++ 0 + 


Types C and D concepts are more cost-effective compared with Types A and B; thus, they have come to 
dominate the current market [3-5]. 


6.4 Power Converters for Wind Turbines 


Because of the rapid development of capacity and technology in wind power generation, the power 
electronic converter is becoming an increasingly important part of the entire system, as indicated in 
Figure 6.3. However, power electronic converters also need to satisfy requirements that are much tougher 
than ever before. Generally, these requirements can be categorized into the following three groups, as 
shown in Figure 6.10 [7]: 

On the generator side: the current flowing in the generator rotor or stator should be controlled to adjust 
torque and, consequently, the rotating speed of the wind turbine. This will contribute to the active power 
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Figure 6.10 Requirements of modern wind power converters 
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balance not only in normal operation when extracting the maximum power from the wind turbine, but 
also in the case of grid faults when the generated power needs to be reduced quickly. Moreover, the 
converter should have the capability to handle a variable fundamental frequency and voltage amplitude 
from the generator outputs. 

On the grid side: the converter must comply with the grid requirements regardless of the wind speed. 
This means that it should have the capability to control the reactive power Q delivered to the power grid 
and to perform a fast response on the active power P response. The fundamental frequency, as well as 
voltage amplitude on the grid side, should be maintained almost fixed under normal operation, and the 
total harmonic distortion (THD) of the current must be restrained at a low level [2, 16, 17]. 

Inherently: the converter system needs to be cost-effective, easy to maintain and have high reliability. 
This requires high power density, reliability and modularity designs for each part of the converter system. 
Furthermore, the wind power converter might need the ability to store some active power and boost up 
the voltage from the generator side to the grid side. 

Considering the mission profiles for modern wind power converters, some of the dominant and promis- 
ing converter topologies in wind power applications will be shown and discussed in the following. 


6.4.1 Two-Level Power Converter 


A pulse width modulation-voltage source converter with two-level output voltage (2L-PWM-VSC) is 
the most frequently used three-phase topology in wind power applications. The knowledge available in 
this converter topology is extensive and well established. However, the 2L-PWM-VSC topology might 
suffer from larger switching losses and lower efficiency at MW and medium-voltage (MV) levels. The 
available switching devices or converter building blocks might need to be connected in parallel or in 
series in order to obtain the required power and voltage [18]. Another problem of the 2L-PWM-VSC 
is the two-level output voltage, which introduces relatively higher dv/dt stresses to the generator and 
transformer windings and bulky output filters might be necessary to limit the voltage gradient and reduce 
the harmonics level [19]. In WTSs, the 2L-PWM-VSC can be used in different configurations: 


6.4.1.1 Two-Level Unidirectional Voltage Source Power Converter (2L-UNI) 


It is becoming a trend to use PMSG for wind turbine concepts with full-scale power converters. Because 
there is no reactive power required in such a generator and because active power flows unidirectionally 
from the generator to the power grid, only a simple diode rectifier need be applied on the generator side, 
which achieves a cost-efficient solution, as shown in Figure 6.11. However, the diode rectifier might intro- 
duce low-frequency torque pulsations that could trigger shaft resonance [20]. Semicontrolled rectifier 
solutions are also possible using this circuit topology [21]. 

In order to obtain variable speed operation and a stable DC bus voltage, a boost DC/DC converter could 
be inserted in the DC-link, or the DC-voltage could be controlled by using rotor excitation, as shown in 
Figure 6.11. It must be mentioned that for power levels in the range of MW, the DC/DC converter needs 
to be made by several interleaved units or by a three-level solution [22]. 


6.4.1.2 Two-Level Back-To-Back Voltage Source Power Converter (2L-BTB) 


It is very popular to configure two 2L-PWM-VSCs in a back-to-back structure (2L-BTB) in the wind 
power conversion system, as shown in Figure 6.12. A technical advantage of the 2L-BTB solution is the 
full power controllability (four-quadrant operation) with a relatively simple structure and few compo- 
nents, which contributes to a well-proven robust and reliable performance. The 2L-BTB topology is a 
state-of-the-art solution in DFIG-based wind turbines (see, e.g., [3, 4, 23]). Several manufacturers are 
also using this topology for a full-scale power converter concept with an SCIG. 
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Figure 6.12 Two-level back-to-back voltage source converter for wind turbine (2L-BTB) [7] 


6.4.2 Multilevel Power Converter 


With the capabilities of more output voltage levels, higher voltage amplitude and larger power handling 
ability, the multilevel converter topologies are becoming interesting and promising candidates in the wind 
turbine applications [24—26]. Generally, the multilevel converters can be classified into three categories 
[26-29]: neutral-point diode clamped, flying capacitor clamped and cascaded converter cells. In order 
to achieve a cost-effective design, multilevel converters are mainly used in 3—8 MW variable speed wind 
turbines with full-scale power converters. 


6.4.2.1 Three-Level Neutral-Point Diode Clamped Back-To-Back Topology (3L-NPC BTB) 


The three-level neutral-point diode clamped topology is one of the most commercialized multilevel 
topologies on the market. Similar to the 2L-BTB, it is usually configured as a back-to-back structure 
in wind turbines, as shown in Figure 6.13, which for convenience, is called 3L-NPC BTB. 

It achieves one more output voltage level and less dv/dt stress compared with the 2L-BTB; thus, 
the filter size is smaller. The 3L-NPC BTB is also able to double the voltage amplitude compared 
with the 2L-BTB converter via switching devices with the same voltage rating. The mid-point volt- 
age fluctuation of the DC bus used to be a drawback of the 3L-NPC BTB, but this problem has 
been researched extensively and is considered improved by the controlling of redundant switching 
states [30]. However, it is found that the loss distribution is unequal between the outer and inner 
switching devices in a switching arm, and this problem might lead to de-rated power capacity when it 
is practically designed. 
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Figure 6.13 Three-level neutral-point clamped back-to-back converter for wind turbine (3L-NPC BTB) [7] 


6.4.2.2 Three-Level H-Bridge Back-To-Back Topology (3L-HB BTB) 


The 3L-HB BTB solution comprises two 3-phase H-bridge converters configured in a back-to-back struc- 
ture, as shown in Figure 6.14. It achieves an output performance similar to the 3L-NPC BTB solution, 
but the unequal loss distribution and clamped diodes can be avoided. Thereby, more efficient and equal 
loading of the power switching devices, as well as higher designed power capacity, might be obtained 
[24, 25, 31]. Moreover, as only half of the DC bus voltage is needed in the 3L-HB BTB compared with 
the 3L-NPC BTB, there are fewer series connections of capacitors and no mid-point in the DC bus; thus, 
the size of the DC-link capacitors can be reduced further. 

However, the 3L-HB BTB solution needs an open-winding structure both in the generator and in the 
transformer in order to achieve isolation among each phase. This feature has advantages and disadvan- 
tages. On the one hand, a potential fault-tolerant ability is obtained, if one or even two phases of the 
generator are out of operation. On the other hand, doubled cable length is needed and extra cost, weight, 
loss and inductance can be major drawbacks in such a converter configuration. 


6.4.2.3 Five-Level H-Bridge Back-To-Back Topology (5L-HB BTB) 


The 5L-HB BTB converter comprises two 3-phase H-bridge converters making use of 3L-NPC switching 
arms, as shown in Figure 6.15. This is an extension of the 3L-HB BTB solution and shares the same 
requirements for an open-winding generator and transformer. The 5L-HB BTB can achieve five-level 
output voltage and double the voltage amplitude compared with the 3L-HB BTB solution with the same 
devices. These features enable the use of smaller output filters and lower current rating in the switching 
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Figure 6.14 Three-level H-bridge back-to-back converter for wind turbine (3L-HB BTB) [7] 
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Figure 6.15 Five-level H-bridge back-to-back converter for wind turbine (5L-HB BTB) [7] 


devices and cables [19, 32]. However, the 5L-HB BTB converter introduces more switching devices, 
which could reduce the reliability of the total system. 


6.4.3 Multicell Converter 


Nowadays, most of the newly established wind turbines achieve the multi-MW power level. In order to 
handle the fast growth in power capacity, some multicell converter configurations (i.e., parallel/series 
connection of converter cells) have been developed and are widely adopted by the industry. 


6.4.3.1 Multicell Converter with Paralleled Converter Cells (MC-PCC) 


Figure 6.16 (a) shows a multicell solution adopted by Gamesa in the 4.5-MW wind turbines [33], 
which have 2L-BTB single-cell converters paralleled both on the generator side and on the grid side. 
Siemens also introduced a similar solution in their best-selling multi-MW wind turbines, as indicated in 
Figure 6.16 (b) [34]. The standard and proven low-voltage converter cells, as well as the redundant and 
modular characteristics, are their main advantages. This converter configuration is the state-of-the-art 
solution in the industry for wind turbines with power levels above 3 MW. 


6.4.3.2 Cascaded H-Bridge Converter with Medium-Frequency Transformers (CHB-MFT) 


This configuration shares a similar idea to the next generation traction converters [35, 36], and it has been 
proposed in the European UNIFLEX-PM Project [37], as shown in Figure 6.17. It is based on a structure 
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Figure 6.16 Multicell converter with paralleled converter cells (MC-PCC) 
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Figure 6.17 Cascaded H-bridge converter with medium-frequency transformer for wind turbine system (CHB-MFT) 


of back-to-back cascaded H-bridge converters with galvanic insulated DC/DC converters as an interface. 
The DC/DC converters have a medium-frequency transformer (MFT) operating at several kilohertzs up 
to dozens of kilohertzs; thereby, the transformer size can be reduced significantly in both weight and vol- 
ume. Moreover, because of the cascaded structure, it can be connected directly to the distribution power 
grid (10—20 kV) with high-output voltage quality, filterless design and redundant capability [35, 36]. This 
solution would become more attractive if it could be placed in the nacelle of wind turbines because the 
heavy/bulky low-frequency transformer could be replaced by the more compact and flexibly configured 
power semiconductor devices. 


6.4.3.3 Modular Multilevel Converter (MMC) 


This configuration shares a similar idea with some of the emerging converters used for high-voltage 
direct current (HVDC) transmission [38, 39], as shown in Figure 6.18. It is also based on a back-to-back 
structure with cascaded DC/AC converter cells. One advantage of this configuration is the easily scalable 
voltage/power capability; therefore, it can achieve very high power conversion at dozens of kilovolts with 
good modularity and redundancy performance. The output filter can also be eliminated because of the 
significantly increased voltage levels. However, the useable voltage rating in a WTS might be limited 
significantly by the insulation capability of the generator. Moreover, the low fundamental frequency of 
the generator outputs, which is the normal case for MW wind turbines, might introduce large DC voltage 
fluctuations on the generator-side converters, resulting in bulky DC capacitors in the converter system, 
which might be undesirable in wind power applications. 

It can be seen that multicell converters have a modular and fault-tolerant capability, which can con- 
tribute to achieve higher reliability performance. However, all of the three configurations have signif- 
icantly increased components count, which could compromise the system reliability and increase the 
cost significantly. The overall merits and defects of these multicell converters in wind power appli- 
cations still needs further evaluation, because the technologies for power semiconductor devices are 
developing rapidly. 
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Figure 6.18 Modular multilevel converters for wind turbine (MMC) 


6.5 Power Semiconductors for Wind Power Converter 


As the backbone component for the converters, power semiconductor devices are also playing an impor- 
tant role in the development of high-performance wind turbines [40]. The dominant choices for power 
switching devices, as reported in the wind power industry, are based on the module packaging insulated 
gate bipolar transistor (IGBT), the presspack packaging IGBT and the presspack packaging integrated 
gate-commutated thyristor (IGCT). These three types of power semiconductor devices have quite differ- 
ent characteristics and they are compared in Table 6.2 [7]. 

The module packaging technology for IGBT has a longer record of applications and fewer 
hardware-mounting regulations. However, owing to the soldering and bond wire connections of the 
internal chips, module packaging devices might suffer from larger thermal resistance, lower power 
density and higher failure rates [7]. The presspack packaging technology improves the connection of 
the chips by direct presspack contacting, which leads to improved reliability (known from industrial 
experience), higher power density (easier stacking for connection) and better cooling capability, but with 
the disadvantage of higher cost compared with the module packaging devices. Presspack IGCTs were 
introduced into MV converters in the 1990s and are already becoming state-of-the-art technology used in 
high-power motor drives, but they have not yet been adopted widely in the wind power industry [40—42]. 
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Table 6.2 Dominant power switching devices for wind power application 


IGBT module IGBT presspack IGCT presspack 
Power density Moderate High High 
Reliability Moderate High High 
Cost Moderate High High 
Failure mode Open circuit Short circuit Short circuit 
Easy maintenance + = = 
Insulation of heat sink + = - 
Snubber requirement = z + 
Thermal resistance Moderate Small Small 
Switching loss Low Low High 
Conduction loss High High Low 
Gate driver Small Small Large 
Major manufacturers Infineon, Mitsubishi ABB, Semikron, Fuji Westcode, ABB ABB 
Medium voltage ratings 3.3 kV/4.5 kV/6.5 kV 2.5kV/4.5kV 4.5kV/6.5 kV 


Maximum current ratings 1.5 kV/1.2 kA/750 A 2.2kA/2.4kA 2.1 kA/1.3kA 


6.6 Controls and Grid Requirements for Modern Wind Turbines 


Controlling a wind turbine involves both fast and slow control dynamics [43-53], as shown in 
Figure 6.19, where a general control structure for a state-of-the-art WTS, including the turbine, 
generator, converter and power grid are indicated. The wind turbine concept can either be the Type C 
shown in Figure 6.8, or Type D, as shown in Figure 6.9. 

Generally, the energy flowing in and out of the generation system has to be managed carefully. The 
power generated by turbines should be controlled by means of mechanical parts (e.g., pitch angle of 
blades and yawing system). Meanwhile, the entire control system has to follow the power production 
commands given by the transmission system operator (TSO). 

The more advanced features of wind turbine might be taken into account in the control system, such 
as the maximization of the generated power, riding through the grid faults and providing grid support. 
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Figure 6.19 General control structure for modern wind turbines 
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With the concept of variable speed wind turbines, the current in the generator will typically be changed 
by controlling the generator-side converter and thereby, the rotational speed of the turbine rotor can be 
adjusted to achieve maximum power production based on the available wind power. Regarding the grid 
fault and support conditions, coordinated control by several subsystems of the wind turbine, such as the 
grid-side converter, braking chopper, pitch angle system and generator, might be necessary. 

Finally, basic control, such as current regulation, DC bus stabilization and grid synchronization 
has to be performed quickly by the power converter; proportional-integral (PI) controllers and 
proportional-resonant (PR) controllers are typically used. 

Most countries have dedicated grid codes for wind turbines and they are updated regularly [54-58]. 
In most cases, these requirements reflect the significant penetration of wind power into the grid system, 
and the requirements cover a wide range of voltage levels from MV to very high voltage. Basically, the 
grid codes are always trying to make wind farms act as conventional power plants from the point of view 
of the electricity network. Thus, generally, the focus is on the power controllability, power quality, fault 
ride-through capability and grid support capability of WTSs during network disturbances. Examples of 
grid codes in different countries for active and reactive power control, power quality and ride-through 
capabilities are given in the following, and they are regulations either for individual wind turbines or for 
the entire wind farm. 


6.6.1 Active Power Control 


According to most grid codes, individual wind turbines must be able to control the active power in the 
point-of-common coupling (PCC) within a given power range. Typically, the active power is controlled 
based on the system frequency, for example, in Denmark, Ireland and Germany, such that the power 
delivered to the grid is decreased when the grid frequency rises above 50.1 Hz. Typical characteristics 
for frequency control in the Danish and German grid codes are shown in Figure 6.20. 

For larger generation units on the wind farm scale, which are normally connected at the transmission 
line, the wind turbines should act as conventional power plants providing a wide range of controlled 
active power based on the demands of the TSO. In addition, they have to participate in primary and 
secondary control of the power system. Several active power control requirements for wind farms by the 
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Figure 6.20 Frequency control profiles for wind turbines connected to (a) the Danish grid [57] and (b) the German 
grid [58] 
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Figure 6.21 Regulations for active power control required by the Danish grid codes: (a) delta control, (b) balance 
control, (c) absolute production constraint and (d) system protection [56] 


Danish grid codes are illustrated in Figure 6.21(a)—(d). It can be seen that these active power controls 
always require some reserved power capacity from the possible power generation by the wind farms, 
which will provide enough support in case extra active power is demanded, reducing the need for the 
energy storage systems. 


6.6.2 Reactive Power Control 


During normal operation, the reactive power delivered by the wind turbine or wind farm also has to be 
regulated by the grid codes within a certain range. The grid codes in different countries specify different 
reactive power control behaviors. 

As shown in Figure 6.22, both the Danish and the German grid codes give a range for controlling the 
reactive power of the WTS against the active power output. In addition, the TSOs will normally spec- 
ify the reactive power range delivered by wind farms according to the grid voltage levels, as shown in 
Figure 6.23, where the German grid code for offshore wind farms is given as an example. It should 
be noted that this basic form of reactive power control should be realized slowly on a timescale of 
minutes [54]. 


6.6.3 Total Harmonic Distortion 


Power quality issues are addressed especially for wind turbines connected to MV networks. However, 
some grid codes, for example, in Denmark and Ireland, also have requirements at a transmission level. 
Generally, two standards are used for defining the power quality parameters, namely, IEC 61000-x-x and 
EN 50160. Specific values are given for fast variations in voltage, short-term flicker severity, long-term 
flicker severity and THD. The limits for individual orders of harmonic distortion are also given based on 
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Figure 6.22 Reactive power ranges under different generating powers: (a) for a wind turbine specified by Danish 
grid codes [56] and (b) for a wind farm specified by German grid codes [58] 
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Figure 6.23 Reactive power ranges under different voltage levels by German grid codes [58] 


standards, or in some cases, for example, Denmark, on custom-defined harmonic compatibility levels. 
Interharmonics might also be considered by the grid codes. 


6.6.4 Fault Ride-Through Capability 


In addition to normal operation, TSOs in different countries have issued strict low-voltage ride-through 
(LVRT) codes for wind turbines/wind farms. Figure 6.24 [54—58] shows the boundaries with various grid 
voltage dipping amplitudes and the allowable disturbance time for a wind farm. One of the uncertainties 
still under discussion is the definition of the voltage amplitude during unsymmetrical grid faults; this is 
not clearly specified in most grid codes. 
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Figure 6.24 Voltage profile for low-voltage fault ride-through capability of wind turbines [7] 
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Figure 6.25 Reactive current requirements for a wind farm during grid sags by the German and Danish grid codes 
[57, 58] 


In addition to the fault ride-through capability, it is becoming necessary that wind power generation 
systems should provide reactive power (up to 100% current capacity), in order to contribute to the voltage 
recovery when grid faults are present. Figure 6.25 shows the required amount of reactive current for wind 
farms against the grid voltage amplitude specified by the German [58] and Danish grid codes [57]. This 
demand is relatively difficult to meet by some of the wind turbine concepts, such as Type A (Figure 6.6), 
Type B (Figure 6.7) and even Type C (Figure 6.7). 

The grid codes have raised great challenges for WTSs during the last decade and are continuing to push 
technological developments in power electronics for wind power applications. On the one hand, these 
requirements have increased the cost per produced kilowatt-hour but, meanwhile have made wind power 
technology much more suitable to be utilized and integrated into the power grid. It can be predicted that 
stricter grid codes in the future will keep challenging WTSs and push forward the technology of power 
electronics. 
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6.7 Emerging Reliability Issues for Wind Power System 


The dramatic growth in the total number of installations and of the individual capacity of wind turbines 
makes their failure harmful or even unacceptable from the TSO point of view. Failures of WTSs will not 
only cause stability problems for the power grid owing to the sudden absence of large amounts of power, 
but also result in very high costs for repair and maintenance, especially for those turbines that are large 
and remote. Therefore, reliability performance is a critical design consideration for the next generation 
of wind power converter systems. 

Unfortunately, former field feedback has shown that the larger wind turbines seem more prone to 
failure, as indicated in [59]. When looking at the failure rates and downtime distribution of individual 
WTSs, as shown in Figure 6.26, it is obvious that the control and power electronic parts tend to have 
higher failure probability than other subsystems by a factor of 2—4 [60]. It is noted that although the 
generator and gearbox have the largest downtime (1.e., time needed for repair), their probability of failure 
is lower than that of the electrical and control parts. Thus, understanding and improving the reliability 
performance of the power electronic converters will be crucial for wind turbines in the future, especially 
for the larger ones at multi-MW level. 

Research into the reliability of power electronics has been carried out for decades and is now moving 
from a solely statistical approach that has been proven unsatisfactory in the automotive industry to a 
more physical approach, which not only involves statistics but also investigation and modeling of the 
root cause behind the failures [61, 62]. As shown in Figure 6.27, in order to achieve more cost-efficient 
and reliable power electronics, multidisciplines are necessary, which involve stress analysis, strength 
modeling, statistical considerations and also the online monitoring/control/maintenance of the converter 
system. 

Stress analysis might focus on the complete mission profile definition, converter design and stress 
estimation and measurement. This group of disciplines will target the accurate determination of the con- 
verter’s loading profile, which can trigger failure mechanisms of critical components, such as thermal 
cycling in power devices [63], voltage increase in the DC bus [64], vibration and humidity [65, 66] 

Strength modeling might involve the identification, modeling and accelerating tests of failure mech- 
anisms in the converter system, for example, the bond wire lift-off and soldering cracks inside the 
power devices [63]. The goal of this group of disciplines is to seek correlations between the estab- 
lished/measured stresses and the quantified fatigues/failures of critical components. 

The monitoring and control approach might relate to lifetime monitoring [67, 68], stress relief controls 
(69, 70] and intelligent maintenance. This group of disciplines will target the monitoring and control of 


Turbines Gearbox Generator Electrical Control 


Failure rate 


Downtime 
(days) 


Figure 6.26 Failure rate and downtime for different parts of wind turbine system [7] 
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Figure 6.27 Multidiscipline approaches for more reliable power electronics 


the converter’s lifetime during operation. For example, the collector—emitter voltage Vog of an IGBT, 
which is subject to an accelerated test, experiences a sudden increase just before IGBT failure [67], and 
it could be used for predictive maintenance in a WTS. 

The probability and statistics might add the statistical distribution and correlation to the acquired 
stress, strength and component configuration. This group of disciplines will target the enhancement of the 
robustness of the designed converter and take into account the severe usage, as well as quality variations 
of the components. 


6.8 Conclusion 


This chapter discusses the power electronics used in WTSs. The configurations and roles of power 
electronics in various wind turbine concepts are illustrated showing that the wind turbine behav- 
ior/performance is significantly improved by introducing power electronics. It is possible for wind 
turbines to act as an active contributor to the frequency and voltage control in the grid system by means 
of power control using power electronic converters. 

As the WTS capacity and voltage are increasing, a trend is to use multilevel topologies or parallel the 
converter cells in the wind power converter, and a number of these are shown in this chapter. Different 
layers of control are discussed, as are the state-of-the-art requirements by grid codes. Finally, the emerg- 
ing challenges regarding reliability and the approaches for more reliable wind power converters are also 
highlighted. 


References 


1. REN21 (2012) REN21 — Renewables 2012 Global Status Report, June, 2012, http://www.ren21.net (accessed 17 
December 2013). 

2. Liserre, M., Cardenas, R., Molinas, M., and Rodriguez, J. (2011) Overview of Multi- MW wind turbines and wind 
parks. IEEE Transactions on Industrial Electronics, 58 (4), 1081—1095. 


High Power Electronics: Key Technology for Wind Turbines 157 


. Chen, Z., Guerrero, J.M., and Blaabjerg, F. (2009) A review of the state of the art of power electronics for wind 


turbines. IEEE Transactions on Power Electronics, 24 (8), 1859-1875. 


. Blaabjerg, F., Chen, Z., and Kjaer, S.B. (2004) Power electronics as efficient interface in dispersed power gener- 


ation systems. IEEE Transactions on Power Electronics, 19 (4), 1184-1194. 


. Hansen, A.D., Iov, F., Blaabjerg, F., and Hansen, L.H. (2004) Review of contemporary wind turbine concepts and 


their market penetration. Journal of Wind Engineering, 28 (3), 247—263. 


. Green Growth Leaders (2010) “Green Energy — the Road to a Danish Energy System without Fossil Fuels,” 


Report of Danish Commission on Climate Change Policy, September 2010. http://www.ens.dk/en/policy 
/danish-climate-energy-policy/danish-commission-climate-change-policy/green-energy 


. Blaabjerg, F., Liserre, M., and Ma, K. (2012) Power electronics converters for wind turbine systems. IEEE Trans- 


actions on Industry Application, 48 (2), 708-719. 


. Kazmierkowski, M.P., Krishnan, R., and Blaabjerg, F. (2002) Control in Power Electronics-Selected Problems, 


Academic Press. ISBN: 0-12-402772-5. 


. Website of Vestas Wind Power (2011) Wind Turbines Overview, April 2011, http://www.vestas.com/ (accessed 


17 December 2013). 


. EWEA (2011) UpWind Project, Design Limits and Solutions for Very Large Wind Turbines, March 2011, 


http://www.ewea.org/fileadmin/ewea_documents/documents/upwind/21895_UpWind_Report_low_web.pdf 
(accessed 17 December 2013). 


. Blaabjerg, F., Iov, F., Chen, Z., and Ma, K. (2010) Power electronics and controls for wind turbine systems. 


Proceedings of EnergyCon’ 2010, pp. 333-344. 


. Ng, C.H., Parker, M.A., Ran, L. et al. (2008) A multilevel modular converter for a large, light weight wind turbine 


generator. IEEE Transactions on Power Electronics, 23 (3), 1062—1074. 


. Sun, T., Chen, Z., and Blaabjerg, F. (2003) Voltage recovery of grid-connected wind turbines after a short-circuit 


fault. Proceedings of IECON’2003, pp. 2723-2728. 


. Muller, S., Deicke, M., and De Doncker, R.W. (2002) Doubly fed induction generator systems for wind turbines. 


IEEE Industry Applications Magazine, 8 (3), 26-33. 


. Xiang, D., Ran, L., Tavner, P.J., and Yang, S. (2006) Control of a doubly fed induction generator in a wind turbine 


during grid fault ride-through. IEEE Transactions on Energy Conversion, 21 (3), 652-662. 


. Teodorescu, R., Liserre, M., and Rodriguez, P. (2011) Grid Converters for Photovoltaic and Wind Power Systems, 


John Wiley & Sons, Ltd/IEEE Press. 


. Blaabjerg, F., Teodorescu, R., Liserre, M., and Timbus, A.V. (2006) Overview of control and grid synchronization 


for distributed power generation systems. IEEE Transactions on Industrial Electronics, 53 (5), 1398-1409. 


. Rodriguez, J., Bernet, S., Bin, W. et al. (2007) Multilevel voltage-source-converter topologies for industrial 


medium-voltage drives. IEEE Transactions on Industrial Electronics, 54 (6), 2930-2945. 


. Kouro, S., Malinowski, M., Gopakumar, K. et al. (2010) Recent advances and industrial applications of multilevel 


converters. IEEE Transactions on Power Electronics, 57 (8), 2553—2580. 


. Faulstich, A., Stinke, J.K., and Wittwer, F. (2005) Medium voltage converter for permanent magnet wind power 


generators up to 5 MW. Proceedings of EPE 2005, pp. 1-9. 


. Oliveira, D.S., Reis, M.M., Silva, C. et al. (2010) A three-phase high-frequency semicontrolled rectifier for PM 


WECS. IEEE Transactions on Power Electronics, 25 (3), 677—685. 


. Wu, B., Lang, Y., Zargari, N., and Kouro, S. (2011) Power Conversion and Control of Wind Energy Systems, John 


Wiley & Sons, Ltd. 


. Pena, R., Clare, J.C., and Asher, G.M. (1996) Doubly fed induction generator using back-to-back PWM converters 


and its application to variable speed wind-energy generation. Electric Power Application, 143 (3), 231—241. 


. Ma, K., Blaabjerg, F., and Xu, D. (2011) Power devices loading in multilevel converters for 10 MW wind turbines. 


Proceedings of ISIE 2011, June 2011, pp. 340-346. 


. Ma, K. and Blaabjerg, F. (2011) Multilevel converters for 10 MW wind turbines. Proceedings of EPE’2011, 


Birmingham, UK, pp. 1—10. 


. Carrasco, J.M., Franquelo, L.G., Bialasiewicz, J.T. et al. (2006) Power-electronic systems for the grid integration 


of renewable energy sources: a survey. [EEE Transactions on Industrial Electronics, 53, 1002-1016. 


. Krug, D., Bernet, S., Fazel, S.S. et al. (2007) Comparison of 2.3-kV medium-voltage multilevel converters for 


industrial medium-voltage drives. EEE Transactions on Industrial Electronics, 54 (6), 2979-2992. 


. Rodriguez, J., Bernet, S., Steimer, P.K., and Lizama, I.E. (2010) A survey on neutral-point-clamped inverters. 


IEEE Transactions on Industrial Electronics, 57 (7), 2219—2230. 


. Teichmann, R. and Bernet, S. (2005) A comparison of three-level converters versus two-level converters for low- 


voltage drives, traction, and utility applications. EEE Transactions on Industry Applications, 41 (3), 855-865. 


158 


Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


30. 


35. 


36. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


a1 8 


52. 


53. 


54. 


J9: 


Bruckner, T., Bernet, S., and Guldner, H. (2005) The active NPC converter and its loss-balancing control. JEEE 
Transactions on Industrial Electronics, 52 (3), 855-868. 


. Senturk, O.S., Helle, L., Munk-Nielsen, S. et al. (2009) Medium voltage three-level converters for the grid con- 


nection of a multi-MW wind turbine. Proceedings of EPE’2009, pp. 1-8. 


. Hosoda, H. and Peak, S. (2010) Multi-level converters for large capacity motor drive. Proceedings of IPEC’ 10, 


pp. 516-522. 


. Andresen, B. and Birk, J. (2007) A high power density converter system for the Gamesa G10x 4.5 MW Wind 


turbine. Proceedings of EPE’2007, pp. 1-7. 


. Jones, R. and Waite, P. (2011) Optimised power converter for multi-MW direct drive permanent magnet wind 


turbines. Proceedings of EPE’2011, pp. 1—10. 

Engel, B., Victor, M., Bachmann, G., and Falk, A. (2003) 15 kV/16.7 Hz energy supply system with medium 
frequency transformer and 6.5kV IGBTs in resonant operation. Proceedings of EPE’2003, Toulouse, France, 
September 2—4, 2003. 

Inoue, S. and Akagi, H. (2007) A bidirectional isolated DC-DC converter as a core circuit of the next-generation 
medium-voltage power conversion system. [EEE Transactions on Power Electronics, 22 (2), 535-542. 


. lov, F., Blaabjerg, F., Clare, J. et al. (2009) UNIFLEX-PM-A key-enabling technology for future European elec- 


tricity networks. EPE Journal, 19 (4), 6-16. 


. Davies, M., Dommaschk, M., Dorn, J. et al. (2008) HVDC PLUS — Basics and Principles of Operation, Technical 


articles,, Siemens Energy Sector. 


. Lesnicar, A. and Marquardt, R. (2003) An innovative modular multilevel converter topology suitable for a wide 


power range. Proceedings of IEEE Bologna PowerTech Conference, pp. 1—6. 


. Ma, K. and Blaabjerg, F. (2012) The impact of power switching devices on the thermal performance of a 10 MW 


wind power NPC converter. Energies, 5 (7), 2559—2577. 


. Jakob, R., Keller, C., and Gollentz, B. (2007) 3-Level high power converter with press pack IGBT. Proceedings 


of EPE’ 2007, September 2—5, 2007, pp. 1-7. 


. Alvarez, R., Filsecker, F., and Bernet, S. (2011) Comparison of press-pack IGBT at hard switching and clamp 


operation for medium voltage converters. Proceeding of EPE’2011, pp. 1—10. 


. Prasai, A., Jung-Sik, Y., Divan, D. et al. (2008) A new architecture for offshore wind farms. IEEE Transactions 


on Power Electronics, 23 (3), 1198—1204. 

Iov, F., Soerensen, P., Hansen, A., and Blaabjerg, F. (2006) Modelling, Analysis and Control of DC-connected 
Wind Farms to Grid, International Review of Electrical Engineering, Praise Worthy Prize, p. 10, February 2006, 
ISSN: 1827-6600. 

Lima, F.K.A., Luna, A., Rodriguez, P. et al. (2010) Rotor voltage dynamics in the doubly fed induction generator 
during grid faults. IEEE Transactions on Power Electronics, 25 (1), 118—130. 

Santos-Martin, D., Rodriguez-Amenedo, J.L., and Arnaltes, S. (2009) Providing ride-through capability to a dou- 
bly fed induction generator under unbalanced voltage dips. IEEE Transactions on Power Electronics, 24 (7), 
1747-1757. 

El-Moursi, M.S., Bak-Jensen, B., and Abdel-Rahman, M.H. (2010) Novel STATCOM controller for mitigating 
SSR and damping power system oscillations in a series compensated wind park. IEEE Transactions on Power 
Electronics, 25 (2), 429—441. 

Dai, J., Xu, D.D., and Wu, B. (2009) A novel control scheme for current-source-converter-based PMSG wind 
energy conversion systems. [EEE Transactions on Power Electronics, 24 (4), 963—972. 

Yuan, X., Wang, F., Boroyevich, D. et al. (2009) DC-link voltage control of a full power converter for wind 
generator operating in weak-grid systems. IEEE Transactions on Power Electronics, 24 (9), 2178—2192. 
Rodriguez, P., Timbus, A., Teodorescu, R. et al. (2009) Reactive power control for improving wind turbine system 
behavior under grid faults. IEEE Transactions on Power Electronics, 24 (7), 1798-1801. 

Timbus, A., Liserre, M., Teodorescu, R. et al. (2009) Evaluation of current controllers for distributed power 
generation systems. IEEE Transactions on Power Electronics, 24 (3), 654—664. 

Liserre, M., Blaabjerg, F., and Hansen, S. (2005) Design and control of an LCL-filter-based three-phase active 
rectifier. IEEE Transactions on Industry Applications, 41 (5), 1281-1291. 

Rodriguez, P., Timbus, A.V., Teodorescu, R. et al. (2007) Flexible active power control of distributed power 
generation systems during grid faults. IEEE Transactions on Industrial Electronics, 54 (5), 2583—2592. 

Altin, M., Goksu, O., Teodorescu, R. et al. (2010) Overview of recent grid codes for wind power integration. 
Proceedings of OPTIM’2010, pp. 1152-1160. 

Tsili, M. (2009) A review of grid code technical requirements for wind farms. JET Journal of Renewable Power 
Generation, 3 (3), 308—332. 


High Power Electronics: Key Technology for Wind Turbines 159 


56. 
57. 


58. 


59. 


60. 


6l. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


Energinet (2003) Energinet — Wind Turbines Connected to Grids with Voltages Below 100 kV, January 2003. 
Energinet (2010) Energinet — Technical Regulation 3.2.5 for Wind Power Plants with a Power Output Greater 
than 11 kW, September 2010. 

E.ON-Netz — Grid Code (2008) Requirements for Offshore Grid Connections in the E.ON Netz Network, April 
2008. 

Faulstich, S., Lyding, P., Hahn, B., and Tavner, P. (2009) Reliability of offshore turbines—identifying the risk by 
onshore experience. Proceedings of European Offshore Wind, Stockholm, Sweden. 

Hahn, B., Durstewitz, M., and Rohrig, K. (2007) Reliability of wind turbines — experience of 15 years with 1500 
WTs, in Wind Energy, pp. 330-332, Spinger, Berlin. 

Wolfgang, E., Amigues, L., Seliger, N., and Lugert, G. (2005) Building-in reliability into power electronics sys- 
tems. The World of Electronic Packaging and System Integration, pp. 246—252. 

Hirschmann, D., Tissen, D., Schroder, S., and De Doncker, R.W. (2005) Inverter design for hybrid electrical 
vehicles considering mission profiles. IEEE Conference on Vehicle Power and Propulsion, September 7—9, 2005, 
pp. 1-6. 

Busca, C., Teodorescu, R., Blaabjerg, F. et al. (2011) An overview of the reliability prediction related aspects of 
high power IGBTs in wind power applications. Microelectronics Reliability, 51 (9—11), 1903-1907. 

Kaminski, N. and Kopta, A. (2011) Failure Rates of HiPak Modules Due to Cosmic Rays, ABB Application Note 
SSYA 2042-04, March 2011. 

Wolfgang, E. (2007) Examples for failures in power electronics systems. Presented at ECPE Tutorial on Reliability 
of Power Electronic Systems, Nuremberg, Germany, April 2007. 

Yang, S., Bryant, A.T., Mawby, P.A. ef al. (2011) An industry-based survey of reliability in power electronic 
converters. IEEE Transactions on Industry Applications, 47 (3), 1441-1451. 

Yang, S., Xiang, D., Bryant, A. et al. (2010) Condition monitoring for device reliability in power electronic 
converters: a review. [EEE Transactions on Power Electronics, 25 (11), 2734—2752. 

Due, J., Munk-Nielsen, S., and Nielsen, R. (2011) Lifetime investigation of high power IGBT modules. Proceed- 
ings of EPE’2011 —Birmingham, UK. 

Ma, K. and Blaabjerg, F. (2012) Thermal optimized modulation method of three-level NPC inverter for 10 MW 
wind turbines under low voltage ride through. JET Journal on Power Electronics, 5 (6), 920—927. 

Ma, K., Blaabjerg, F., and Liserre, M. (2012) Reactive power control methods for improved reliability of wind 
power inverters under wind speed variations. Proceedings of ECCE’ 2012, pp. 3105-3122. 


7 


Photovoltaic Energy Conversion 
Systems 


Samir Kouro!, Bin Wu’, Haitham Abu-Rub® and Frede Blaabjerg* 


' Department of Electronics, Universidad Tecnica Federico Santa Maria, Valparaiso, Chile 

? Department of Electrical and Computer Engineering, Ryerson University, Ontario, Canada 
3 Department of Electrical Engineering, Texas A&M University, Doha, Qatar 

4 Department of Energy Technology, Aalborg University, Aalborg, Denmark 


7.1 Introduction 


Grid-connected photovoltaic (PV) energy is one of the fastest growing and most promising renewable 
energy sources in the world. In fact, since 2007, it has increased over 10 times (from 10 to 100 GW of 
installed capacity), with 60 GW installed in the last two years alone, as can be seen in Figure 7.1 [1]. Fur- 
thermore, PV power has reached 35% of the installed wind power capacity, although in 2007 it accounted 
only for 10%. Following this trend, PV energy penetration is currently around five years behind the wind 
energy industry. Nevertheless, grid-connected PV systems are experiencing an accelerated version of the 
trend experienced by wind energy during the last two decades, which offers a promising glimpse of the 
future ahead for the solar industry. 

The main reason for this remarkable development is the increased competitiveness of PV energy 
because of the cost reduction of PV modules and the introduction of economic incentives or subsidies. 
The latter is a reaction to the continuously rising fossil fuel prices, their limited reserves and geopolit- 
ical concentration and growing environmental concerns. This has made PV-generated electrical energy 
cost-effective and competitive in some regions of the world with good solar irradiation conditions. It is 
expected that PV technology costs will continue to decline in the next decade, making large-scale PV 
systems more and more attractive. In addition, PV systems can range from small scale to large scale, 
making it possible to implement PV plants by individuals compared to other renewable energy sources 
(wind, marine, geothermal, etc.) that have higher capital costs. 

Although the core of a PV system is the PV cell (also known as a PV generator), power electronics 
plays a fundamental role as an enabling technology for an efficient PV system control and interface to 
transfer the generated power to the grid [2]. The functions of the power converter stage of a PV system 
include maximum power point tracking (MPPT), DC-to-AC power conversion, grid synchronization, 
grid code compliance (power quality), active and reactive power control and anti-islanding detection. 
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Figure 7.1 World annual and cumulative installed photovoltaic capacity [1 


An overview of a generic power converter interface for grid-connected PV systems is shown in 
Figure 7.2. The system includes a PV generation system, which can be a single module, a string of 
series-connected modules, or an array of parallel-connected strings. The PV system is followed by a 
passive input filter, generally a capacitor, which is used to decouple the input voltage and current from 
the subsequent power stages by reducing current and voltage ripple (and hence power) at the PV side. 
The input filter can be followed by a DC-DC stage, which is generally used to perform the MPPT of 
the PV system, elevate its output voltage and in some occasions also provide galvanic isolation (when 
using DC-DC converters with high-frequency (HF) transformers). As will be discussed later, some PV 
systems include several DC-DC power converters to distribute the conversion and control on the DC 
side. The DC-DC stage (or the input filter if no DC-DC stage is used) is connected through a DC link 
to the grid-tied DC-AC converter, commonly referred to as the PV inverter. In PV systems where no 
DC-DC stage is used, the input filter is equivalent to the DC-link capacitor as shown in Figure 7.2. 
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Figure 7.2 Overview of a generic grid-connected PV energy conversion system 
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The PV inverter is connected to the grid via an output filter, usually made of a combination of inductors 
(L) and capacitors (C), typically in L, LC, or LCL configurations. The AC filter enables harmonic 
mitigation and assists the converter—grid interface control. Depending on the PV system requirements 
and the grid connection available, a low-frequency (LF) transformer is used to elevate the voltage and 
provide isolation (this is not necessary if an isolated DC-DC stage is used). 

The grid-tied converter also includes a grid monitoring and interaction unit (with circuit breaker and 
fuse) to disconnect the system when required, such as during the night, grid faults, or islanding operation. 
The feedback for the control system is composed of several current and voltage sensors at the PV input 
side (for MPPT), DC-link stage (for DC-link voltage control) and grid side (for grid synchronization 
and active/reactive power control). The control system is further composed of analog-to-digital signal 
converters, digital microprocessors (or equivalent) and gate drive units to control the semiconductor 
devices of the different power stages. 

Not all grid-connected PV systems are the same; they can vary significantly in size and power from 
a small-scale (a single module of a few hundred watts) to a large-scale power plant (currently up 
to 290 MW). They can also be arranged in different string configurations and connected to different 
available grids (single phase or three phase, 50 or 60 Hz, low voltage (LV) or medium voltage (MV) at 
point of common coupling (PCC), etc.). Therefore, several power conversion configurations have been 
developed for better adjustment to the needs of each PV system. This chapter presents the most widely 
used grid-connected PV system configurations, DC-DC and DC-AC power converter topologies, 
including their operating principles and control schemes. Additional PV system concepts, such as 
anti-islanding detection, maximum power point (MPP) and different MPPT methods are introduced. 
Finally, a brief discussion on the recent developments in multilevel converter-based PV systems is 
also included. 


7.2 Power Curves and Maximum Power Point of PV Systems 


PV modules are composed of series-connected PV cells, which are essentially made of two layers of 
crystalline silicon semiconductor devices (monocrystalline and polycrystalline), or the so-called thin-film 
devices (cadmium telluride, copper indium gallium selenide and amorphous silicon), forming a p—n type 
junction field [3]. The underlying operating principle of all these technologies is the photoelectric effect, 
by which photons of equal or greater energy than the bandgap of the semiconductor material can excite 
and free electrons. When the PV circuit is closed (by connecting a load or converter), the freed electrons 
generate a DC current from the positive layer to the negative layer to fill the “positive holes.” Therefore, 
the current generated by a PV module is directly dependent on the number of incoming photons and, 
thus, the solar irradiation: higher irradiation means more photons, hence more free electrons and thus 
higher currents. 


7.2.1 Electrical Model of a PV Cell 


The electrical characteristics of a PV module or cell are nonlinear and are highly dependent on solar 
irradiation and temperature [4]. The PV cell can be electrically modeled by an equivalent circuit such as 
the one shown in Figure 7.3, with a photocurrent source in parallel with a diode, a shunt resistance Ry, 
and a series resistance R,. 

The model of Figure 7.3 can be mathematically described by Kishor et al. [4] 


gOpvtipvR) 1| _ Vev + ipyR, (7.1) 


lpy =i -i [e nKT 
PV L 0 
Rg, 


where ipy is the output current of the PV cell, which is a function of its output voltage vpy, and a number 
of variables as defined in Table 7.1. 
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Vpy 
Figure 7.3 PV cell electrical model 
Table 7.1 PV cell parameters 
Variable Parameter 
Vpy Cell output voltage (V) 
ipy Cell output current (A) 
R; Cell series parasitic resistance (Q) 
Ry Cell shunt parasitic resistance (Q) 
q Electronic charge: 1.6 x 107!° (Coulombs) 
K Boltzmann constant: 1.38 x 107% (J/K) 
T Absolute temperature (K) 
n Diode ideality factor: ideally n = 1 
i, Cell reverse saturation current: 107!2 (A/cm?) 
iph Cell photocurrent: 35-40 mA/cm?/Sun for Si cells 


7.2.2 Photovoltaic Module I—V and P—V Curves 


Typical PV module’s current-voltage (J—V) curves and power-—voltage (P—V) curves can be observed 
in Figure 7.4. From the J-V curves, it can be seen that the PV module behaves as a DC current source 
that remains almost constant even if the PV module is connected to different output voltage potentials. 
When the voltage across the module gets higher, the free electrons start recombining and do not generate 
current. This effect is not linear with respect to the voltage and it cuts off abruptly. When all electrons 
are recombined and no current is produced, the module is operating at an open-circuit voltage v,- This 
voltage varies slightly for different levels of solar irradiation (at the same temperature), as it can be seen 
in Figure 7.4(a). In contrast, when short circuited, the module produces the largest current (short-circuit 
current 7,.), which is very linearly dependent on the solar irradiation (the more photons, the more free 
electrons). Consequently, the P—V curves (obtained by multiplying the axes of the J-V curve) of the PV 
module will be composed of three segments: a constant positive dp/dv > 0 slope equal to the generated 
constant DC current, a negative dp/dv < 0 slope when operating close to the open-circuit voltage, and a 
dp/dv = 0 segment corresponding to the MPP for that given irradiation [5]. The voltage at which the MPP 
is obtained is known as the maximum power voltage v,,,,. The slopes of the /—V curve can be adjusted by 
the shunt resistance R,, and series resistance R, in the PV cell model to better represent the real PV cell. 

The open-circuit voltage, although not much affected by different levels of solar irradiations, does vary 
significantly when the module is operating at different temperatures, as can be seen in Figure 7.4(b). In 
summary, the higher the temperature, the lower the open-circuit voltage, reducing the maximum power 
that can be generated by the module. 

Both solar irradiation levels and temperature affect the maximum power that can be drawn from the 
modules. When connecting a passive load, the J-V curve of the load will intersect the /—V curve of the 
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Figure 7.4 I-V and P-V curves of a PV module under: (a) different levels of solar irradiation at 25°C and 
(b) different temperatures at 1000 W/m2 


module and define the power generated by the module. However, a controlled power converter, whether 
DC-DC or DC-AC, can control the load curve characteristic and intersect the PV curve at the MPP. 
This is achieved by controlling the PV output voltage at Vinp: As the operating conditions of irradiation 
and temperature are inherently time variant, the instantaneous vp is unknown (unless irradiation and 
temperature are measured, which is expensive). The search for the MPP is then performed by the power 
converter, hence the importance of power electronics for this particular application. The control tech- 
niques used for such task are known as maximum power point tracking (MPPT) methods and will be 
discussed later in this chapter. The MPPT algorithm generates the voltage reference to be controlled by 
the converter. 

It is worth mentioning that the power curves shown in Figure 7.4 correspond to a single PV module; 
hence series-connected modules forming a PV string will have a different combined MPP, depending on 
module mismatch, temperature differences and partial shading of the modules. The same applies to PV 
arrays formed by parallel-connected strings. In these cases, the J—V curve has several local MPPs and 
one global MPP, making it more difficult to achieve a true MPPT. 


7.2.3 MPP under Partial Shading 


Partial shading and module mismatch, because of differences in fabrication or differences caused by 
usage and aging, have been identified as the main causes of reduced energy yield of PV strings and 
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Figure 7.5 I-V and P-V curves of a two-module string, with one cell shaded by 40%: (a) without bypass diode and 
(b) with bypass diode 


arrays. They are also responsible of the creation of hot spots in cells of a module, which reduce not only 
energy production but also the lifespan of the module. 

In a string of two or more series-connected modules, a shaded module will have a very low or even 
zero photocurrent, and thus the current generated by the other modules passes through the shunt resistor, 
resulting in a negative voltage potential. Since R,, is usually large, the shaded module reduces the overall 
voltage of the string instead of adding to it. To overcome this effect, a diode is usually added in parallel 
to the modules [5], so that in the case of partial shading the current passes through the diode resulting 
in only the semiconductor voltage drop. Similarly, in parallel-connected modules or strings, a diode is 
connected in series to each string to prevent reverse currents flowing into the lower voltage string [5]. 

Figure 7.5 illustrates a qualitative example of the effect of partial shading on the J-V curves of a PV 
string of two series-connected modules with and without a parallel-connected bypass diode. Connecting 
a diode in parallel to each module avoids the decrease in the short-circuit current i,, during partial shading 
and thus increases the possible power yield of the whole PV string. 


7.3 Grid-Connected PV System Configurations 


Grid-connected PV energy conversion systems can be grouped into four different types of configura- 
tions: centralized configuration for large-scale PV plants (three phase), string configuration for small- 
and medium-scale PV systems (single phase and three phase), multi-string configuration for small- to 
large-scale systems (single phase and three phase) and AC-module configuration for small-scale systems 
(commonly single phase) [2]. Simplified diagrams of each of these configurations are given in Figure 7.6. 
The centralized topology (Figure 7.6(a)) has, as its main characteristic, the use of a single three-phase 
voltage source inverter (VSI) to connect the whole PV plant to the grid [6], or a portion of it, in case the 
PV plants exceed the power rating of the existing central inverters. The PV system is formed by the series 
connection of modules (string) to reach the desired DC-link voltage and by several strings in parallel to 
reach the power rating of the inverter. The advantages of this configuration are its simple structure, single 
LF transformer and single control system (single set of sensors, control platform and grid monitoring 
unit). This comes at the expense of reduced power generation because of a single MPPT algorithm for 
the whole PV system. Also, diode conduction losses are introduced by the string series blocking diodes. 
Currently, the central configuration is the most widely used topology for large-scale PV plants. 
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Figure 7.6 Grid-connected PV system configurations: (a) centralized configuration, (b) string configuration, 
(c) multi-string configuration and (d) AC-module configuration 


The string configuration (Figure 7.6(b)) uses one inverter per PV string; hence there is no need for a 
series blocking diode. In addition, for a PV plant consisting of several string inverters instead of a sin- 
gle central inverter, there will be more individual MPPT available, increasing the total energy yield [7]. 
Partial shading and mismatch are reduced at a string level and not at an array level. The string configura- 
tion also increases modularity, since additional PV strings and string inverters can be added to the power 
plant without affecting existing strings. On the downside, compared to a central inverter, the string con- 
figuration has a higher component count, multiple LF or HF transformers if isolation is required and a 
need for several individual grid control systems (sensors, control platform, grid monitoring units, etc.) 
for a power plant of the same size. For large PV plants, the investment cost of a string inverter configu- 
ration can reach up to 60% higher than that of a central inverter configuration [7]. Therefore, the string 
topology is widely adopted as a solution for small- and medium-scale PV systems such as rooftop and 
residential systems. 

The multi-string configuration (Figure 7.6(c)) merges the benefits of the centralized and string sys- 
tems [8]. It introduces the distributed MPPT capability of the string configuration through individual 


Photovoltaic Energy Conversion Systems 167 


DC-DC converters interfacing each string to the centralized inverter. The DC-DC stage may also serve 
for voltage elevation and isolation if HF-isolated DC-DC converters are used. In this way, the system 
gains higher energy yield and modularity compared to the central topology, while retaining its major ben- 
efits (simple structure and single grid-side control system). In terms of component count, the multi-string 
configuration is above the central topology, because of additional DC-DC converters, and below the 
string inverter, since the DC-DC stage requires fewer components compared to the grid-tied inverters. 
Among the disadvantages are higher DC-cable losses, which are necessary to connect smaller parts of 
the PV system and DC-DC converters to the central inverter. The multi-string configuration is popular 
for small- and medium-scale PV systems such as rooftop ones. More recently, it has also been introduced 
for large- or utility-scale PV plants. 

Finally, the AC-module or module-integrated topology, commonly referred to as micro-inverter 
(Figure 7.6(d)), is the most distributed power converter architecture for grid-connected PV systems, 
since it features one inverter per PV module [9]. Therefore, it has the best MPPT capability of all 
configurations. Because PV modules usually generate an LV (<50 V), voltage elevation is required 
for grid connection of this configuration. Therefore, AC-module topologies usually include a DC-DC 
boosting stage to elevate the voltage of the module. In most cases, the DC-DC stage also includes 
a HF isolation transformer to provide galvanic isolation. In this configuration, all power electronic 
devices, components, filters, control system and so on are distributed among all modules of the plant, 
and therefore it may result in higher cost and reduced converter efficiency (excluding MPPT efficiency, 
which is higher). Therefore, this topology is intended for small-scale PV systems and more domestic use. 

A summary of the main characteristics of the four configurations is given in Table 7.2. 


7.3.1 Centralized Configuration 


The central configuration is the most widely adopted PV system for large-scale or utility-scale PV 
plants. Currently, utility-scale PV plants are experiencing an explosive growth and paving the way for 
large-scale PV energy penetration around the world. Just five years ago, there were a handful of PV plants 
with over 20 MW of installed capacity, with the biggest being the Olmedilla de Alarcon Solar Park in 
Spain with 60 MW of peak installed capacity (commissioned in 2008). Currently, more than 50 plants 
surpass 40 MW [10], with the biggest reaching 290 MW (Agua Caliente Solar Project, Yuma, United 
States) [11]. Larger plants, in the gigawatt range, are currently under development in the United States, 
China, Greece and Dubai, and there are more than 25 plants over the 250 MW range worldwide all to 
be completed within this decade [12]. Figure 7.7 shows the Sarnia PV plant located in Ontario, Canada, 


Table 7.2 Summary of grid-connected PV system configuration characteristics 


Configuration Power range Cost/W Devices Advantages Disadvantages 
Central <1.6 MW Low IGBT Simple design, single Mismatch losses, reduced 
inverter control system energy yield, string 
blocking diodes 
String inverter <10 kW Medium MOSFET/IGBT Separate MPPT, High component counts, 
reduced DC wiring several grid control 
systems 
Multi-string <500 kW Medium/low MOSFET/IGBT Separate MPPT, Medium component 
inverter single-grid control counts, two-stage power 
system conversion 
AC-module <300 W High MOSFET No DC wiring, Highest component count, 
inverter high-energy yield one control system per 


module 
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Figure 7.7 Sarnia PV power plant, Ontario, Canada, 97 MW peak, 1.3 million modules (photo courtesy of First 
Solar) [13] 
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Figure 7.8 Typical central inverter configuration based on two-level voltage source inverter 


with a peak installed capacity of 97 MW, which was the biggest PV plant operating in 2011 (1.3 million 
PV modules). 

Figure 7.8 shows a typical configuration of a grid-connected central inverter PV system. The PV mod- 
ules are connected in series to form strings, which in turn are connected in parallel to form an array 
connected to the central inverter. The first versions of the central topology were line-commutated invert- 
ers with a power factor of 0.7. The current central inverter technology is typically a two-level three-phase 
voltage source converter and is shown in Figure 7.8. It is equipped with self-commutated insulated gate 
bipolar transistor (IGBT) technology, controlled by digital signal processor (DSP) and modulated with 
carrier-based pulse width modulation (PWM) or space vector-based PWM modulation (SVM). The basic 
function of the inverter is to perform the DC-AC conversion from DC PV power to the three-phase AC 
grid. In addition, the inverter is in charge of performing the MPPT of the PV array by controlling the 
DC-link voltage to v,,,,, and synchronizing the AC grid currents with the grid voltage for active and reac- 
tive power control. The inverter is connected to the grid via an inductive grid filter and a LF transformer 
to go from LV to MV of a few thousand volts (LV/MV) in order to reduce losses in transmitting PV 
energy to the grid. 
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Figure 7.9 Typical utility-scale PV plant based on central inverter configuration 


The typical DC-link voltage in the central inverter PV system shown in Figure 7.8 is between 550 
and 850 V. The maximum operating DC-link voltage of the converter is limited to 1000 V, since this 
is the insulation capability of most commercial PV modules (a string may not surpass 1000 V). This 
means that if a typical module of 30 V v and 250 W peak power is considered, a string could be made 
of around 15-25 series-connected modules, with a total peak power of 3.75—6.25 kW. Since the current 
IGBT technology limits the two-level VSI operating at LV to <800 kW, more than 120 strings (over 3000 
modules) can be concentrated into a single central inverter. Therefore the chance of partial shading and 
module mismatch is highly likely, which requires a parallel connection to each module of a bypass diode 
(commonly already integrated in the module), and a series connection of a blocking diode to prevent 
weaker modules and strings from behaving as loads. 

As the central inverter is the sole power converter stage of the system, high-power conversion efficiency, 
usually 97% can be achieved from the PV system to the grid. However, the fact that a single inverter has 
only one controlled DC-link voltage limits the MPPT capability of the central inverter to a single degree 
of freedom, reducing the generated energy output, compared to the distributed MPPT systems. Another 
disadvantage is the long DC cables from the strings located faraway from the inverter. Nevertheless, 
the low cost, capability of concentrating a large PV plant and also the simple structure have made this 
configuration the most adopted in utility-scale PV plants. 

Figure 7.9 shows a typical utility-scale PV plant like the Sarnia solar plant shown in Figure 7.7. These 
large PV farms, rated at over tens and even hundreds of megawatts, surpass the power rating of the 
largest central inverters (800 kW) and therefore require the connection of several central inverters. The 
central inverters are located next to an LV to MV transformer to elevate the voltage of the AC collector 
busbar of the PV plant (usually ranging from 2.3 to 35 kV). Then, the power of the PV plant is trans- 
mitted to a substation where a transformer elevates the voltage from medium to high voltage for power 
transmission. 

As PV farms become larger and larger, the PV inverter industry has introduced dual-central invert- 
ers, shown in Figure 7.10, which are basically two central inverters connected to the PV AC collector 
busbar through a 12-pulse transformer to reduce LF and some switching harmonics. This is why some 
manufacturers offer central inverters rated up to 1.6 MW, actually consisting of two 800kW central 
inverters. Costs are reduced by using a single-grid monitoring system for both inverters and concentrating 
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Figure 7.10 Dual-central inverter configuration with multi-winding transformer 


Table 7.3 Examples of commercial dual-central inverters 


Parameter Satcon Prism ABB SMA MV Power 
Platform Equinox PVS800-MWS Platform 1.6 

Input voltage range (V) 550-850 525-825 641-820 

Power (MW) 1.5 1.25 1.6 

Maximum DC voltage (V) 1000 1000 1000/1100 

Input current (A) 2820 (2 x 1410) 2480 (2 x 1240) 2800 (2 x 1400) 

Efficiency (%) 98.5 97.8 98.6 

Isolation Integrated MV Integrated MV Integrated MV 

transformer up to 35 kV transformer up to 20 kV transformer up to 

34.5kV 

Independent MPPT 2 2 2 


; £ I eT] 


the control system, power converter, filters and even the transformer into a single housing, generally a 
container. In addition, the 12-pulse transformer is capable of canceling or reducing certain harmonics. 
Table 7.3 shows some commercial examples of these inverters and their ratings. 

The two-level VSI is currently on the edge of its capability as an optimal solution for the central inverter 
of large-scale PV plants. To increase converter efficiency, reduce filter size, improve power quality and 
be able to fulfill the increasingly demanding grid codes, new central inverter topologies have been devel- 
oped. Among them are the three-phase three-level neutral point clamped (3L-NPC) converter and the 
three-phase three-level T-type converter (3L-T), as shown in Figure 7.11(a) and (b), respectively. These 
two central inverter topologies belong to the multilevel converter family. 

Multilevel converters were originally conceived for high-power (>1 MW) and MV applications because 
of their capability to surpass classic semiconductor voltage blocking limits. However, they have recently 
been introduced for LV, low-power and high-performance/high-efficiency/high-power quality demanding 
applications, such as uninterruptible power supplies (UPSs) and PV energy conversion systems. 

The extra level in the phase output voltage of these three-level inverters offers a reduction to half the 
original dv/dt generated by the 2L-VSI. This allows a reduction in the device’s average switching fre- 
quency, hence switching losses, which improves the power conversion efficiency without compromising 
power quality. Several semiconductor manufacturers (Infineon, Semikron, Fuji, Mitsubishi, to name a 
few) offer power converter modules with these device arrangements specifically designed for UPS and 
PV systems. 
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Figure 7.11 Multilevel central inverter PV systems: (a) 3L-NPC inverter PV system and (b) 3L-T inverter PV system 


7.3.2 String Configuration 


String inverters are reduced versions of the central inverter, in the sense that instead of PV arrays with 
parallel-connected strings, only single strings (with no need for a blocking diode) are connected through a 
dedicated grid-tied inverter with an independent MPPT as shown in Figure 7.6(b). This technology results 
in an increase in energy yield by 1-3% compared with that of the central inverter topology because of the 
reduction in mismatch and partial shading losses [7]. As they only interface a single PV string, they are 
aimed at low-power and single-phase grid connection and they are very popular for small-scale domestic 
systems (typically rooftop). 

Depending on the country and grid connection standard, string inverters may or may not require gal- 
vanic isolation. When galvanic isolation is required, LF transformers on the grid side or HF transformers 
in the DC-DC converter stage are used. Both introduce galvanic isolation, but they can also be used for 
voltage elevation purposes. The LF (grid frequency) transformer has significantly lower power density 
compared to HF transformers. Nevertheless, DC-DC converters with HF isolation require very high 
switching frequencies of 20—100 kHz, which may result in more losses. To reduce this effect, fast and 
efficient switching devices are used. The HF isolation stage also turns out in a more complex circuit 
structure, more complex control and electromagnetic interference (EMI)/electromagnetic compatibility 
(EMC) design considerations compared with that of LF transformer or transformerless solutions. 

In some countries, including Spain and Germany, isolation is not required, which can lead to cost reduc- 
tion, more compact and more efficient string inverters. However, transformerless operation also requires a 
more careful design of the converter topology and modulation schemes, since a switched common-mode 
voltage introduces the risk of high leakage ground currents, because of the parasitic capacitance of the 
PV string [14]. This capacitance formed between the conductive layers, polymers, glass and frame of the 
PV modules (shown in Figure 7.12(a)) finds a current path since it is directly connected to the AC grid 
that is grounded for potential equalization as well as for the PV module frame (shown in Figure 7.12(b)). 
This capacitance increases with the size of the PV system and can be quite large, hence the risk of high 
leakage ground currents by the dv/d?’s in the switched common-mode voltage. Since in these cases no 
transformer is used, an additional DC-DC stage could also be necessary to elevate the voltage for grid 
connection, depending on the size of the PV string (number of modules in series). If a DC-DC stage is 
added, they are known as two-stage string inverters. 

Table 7.4 shows a summary of all combinations between the DC-DC stage and isolation options that 
are found in practical string configurations. Several manufacturers have developed and offered propri- 
etary topologies or combinations of different DC-DC and DC-AC stages, including different types of 
isolation, even for single- or three-phase grid connection [15-18]. Therefore, there is a wide selection 
of string inverters, which cannot all be covered in this chapter. 

The most popular string inverter is the single-phase full-bridge inverter, also known as H-bridge 
inverter. Many string inverter topologies are derived from this topology or used it as the basic building 
block with a few additional components to improve efficiency and performance. Different combinations 
of isolation and two-stage conversion using the H-bridge string inverter are shown in Figures 7.13 
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Figure 7.12 Parasitic capacitance and leakage current in transformerless PV systems: (a) parasitic capacitance (cross 
section of PV module) and (b) leakage current path 


Table 7.4 String configurations depending on isolation and DC-DC stage 
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and 7.14. Note that transformerless topologies must have the grid filter divided into two symmetric 
parts: one in the phase and the other in the neutral wires in order to reduce the common-mode voltage 
changes that otherwise can lead to higher leakage currents. 

Figure 7.13(a) shows the most basic H-bridge string inverter configuration with a grid-side LF trans- 
former and no DC-DC stage. The advantage of this configuration is the simple power circuit, galvanic 
isolation and voltage elevation provided by the transformer, which allows a larger range of input voltages. 
Unipolar PWM is used to generate a three-level voltage waveform with a harmonic content at double the 
device switching frequency in order to obtain higher power quality. A hybrid modulation is also used, in 
which the output phase leg of the H-bridge is controlled by a carrier-based PWM while the neutral leg 
is controlled by a fundamental frequency square waveform in order to reduce the switching losses com- 
pared to that of the unipolar PWM. However, it produces higher grid current ripple because of the lower 
equivalent switching frequency of the output voltage. Since both are three-level modulation schemes, 


Photovoltaic Energy Conversion Systems 173 


KA | pe: Ba a a a 
if Pry. = = J {4 
i —— Filter Ff © L = +L nm a 
7 Grid Nd LeTo 
all La | | Filter Grid 
PV string H-bridge Hibride 
(a) (b) j 
$ p LINNAN 
v Jo Ja a J ae) 
a EJ = Filter © 
4. J + f re Grid 
PV string H-bridge 


(c) 


Figure 7.13 String inverters based on the H-bridge topology: (a) with low-frequency isolation transformer, (b) trans- 
formerless with DC-DC boost stage and (c) with high-frequency isolation transformer in DC-DC stage 
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Figure 7.14 Variants of the transformerless H-bridge string inverter: (a) H5, (b) HERIC, (c) H6D1 and (d) H6D2 


the bypass switching state (zero voltage level) prevents a reactive current flow between the filter inductor 
and the DC-link capacitor. The disadvantages of this topology are mainly introduced by the LF trans- 
former: higher cost, lower power density, non-unity power factor at lower-than-rated operation because 
of the magnetizing current and reduced efficiency (2% extra losses). This topology was commercialized 
by several manufacturers, but is continually losing popularity because of its low efficiency and large size. 

The transformerless version of the H-bridge string inverter, also known as H4 topology, is only possible 
with a symmetric filter (components equally distributed between phase and neutral wires) at the grid side, 
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and unlike the isolated version it cannot be controlled using unipolar PWM or hybrid modulation. This 
is due to the square-wave components in the common-mode voltage, leading to high leakage currents 
and corresponding safety hazards [15]. Instead, bipolar PWM (two-level output voltage) is used, since 
it produces a constant common-mode voltage together with the split symmetric filter, resulting in a line 
frequency voltage across the parasitic capacitance, which is safe for transformerless operation. However, 
it has lower efficiency since there is a reactive current flow between the passive elements of the circuit 
at zero voltage through the freewheeling diodes when using this modulation, as the DC-link capacitor is 
not isolated from the grid at any time [16]. This is the main reason why the H4 topology is not a popular 
configuration in modern string inverters. 

Both versions of the H-bridge string inverter, with and without an LF transformer, can be found with 
an additional boost DC-DC stage. The main purpose of the boost converter is to elevate the PV string 
voltage, since the MPP voltage can vary depending on radiation and temperature. Hence, the DC-DC 
stage decouples the PV DC voltage from the inverter DC-link voltage. This is a desirable feature con- 
sidering that the grid-tied inverter requires a DC-link voltage higher than the peak grid voltage to work 
properly (to be able to control the grid current). This extends the input voltage range of the system and 
also allows a more steady DC-link voltage, which improves the grid control performance. This config- 
uration is shown for the transformerless H-bridge string inverter in Figure 7.13(b), although the same 
DC-DC converter can be added to the LF-isolated version. Note that there is an optional bypass diode 
(shown in gray), which disables the DC-DC stage when the PV system DC voltage is greater than the 
inverter DC-link voltage, to improve efficiency when operating close to the nominal design conditions, 
avoiding the switching losses and also the boost diode reverse recovery. Despite the additional DC-DC 
stage, this configuration retains the same drawbacks that are inherent in the use of a grid-tied H-bridge 
inverter addressed earlier. 

Finally, Figure 7.13(c) shows an HF-isolated two-stage H-bridge string inverter. In this particular 
example, the isolated DC-DC stage is composed of a MOSFET full-bridge inverter and a diode 
full-bridge rectifier. Although the MOSFET H-bridge is most commonly used in this configuration, 
many HF-isolated DC-DC stages could be used instead, including the half-bridge, push-pull, forward 
and flyback converters. This approach greatly reduces the size of the converter compared to that of 
the LF isolation topologies, thus improving the power density (volume and weight). It also allows the 
use of unipolar PWM and extends the input voltage range of the PV system compared to that of the 
transformerless topologies, thus allowing a more flexible design of the PV string and a wide range for 
MPPT. However, the additional converter stages introduce design complexity, higher losses, higher cost 
and lower reliability. 

To overcome the problem of the reactive current transfer between the grid filter and the DC-link capac- 
itor in transformerless H-bridge string inverters, several proprietary solutions have been introduced by 
different manufacturers [15-17]. Figure 7.14(a) shows the H5 string inverter introduced by SMA, in 
which a switch has been added between the DC-link and the H-bridge inverter to open the current path 
between the passive components when freewheeling in order to increase the efficiency. The same objec- 
tive can be accomplished by introducing a bidirectional switch that bypasses the whole H-bridge inverter, 
separating the grid filter from the converter during freewheeling, as shown in Figure 7.14(b). This con- 
verter is also known as the Highly Efficient and Reliable Inverter Concept (HERIC) converter, introduced 
by Sunways. Although the HERIC converter has one more switch compared to that of the HS, it has only 
two switches in the current path at any time, while the H5 has three switches when it is not freewheeling, 
which results in higher conduction losses. 

These converters enable the generation of a three-level voltage output, including the zero voltage level, 
without producing a switched common-mode voltage and therefore are suitable for transformerless 
operation. In this way, very efficient, low-cost and high-power density string inverters are obtained 
compared to those in Figure 7.13 featuring the H-bridge inverter only. In addition, these converters 
may also include an additional DC-DC stage in order to extend the input voltage flexibility and 
decouple the PV system DC voltage from the inverter DC-link voltage for better grid converter control 
performance. 
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An alternative way to isolate the DC side from the AC side during freewheeling is to add an additional 
switch in the negative DC bar to the H5 topology, forming the H6 topology as shown in Figure 7.14(c). 
The advantage is that the freewheeling is evenly distributed among the H-bridge devices over a funda- 
mental cycle, ensuring an even usage of all switches [17]. The disadvantage is that four switches conduct 
during normal operation, causing more conduction losses. If a diode is connected in parallel to the DC 
side of the H-bridge of the H6 topology, an auxiliary freewheeling current path is added, allowing the 
use of bipolar PWM in the H-bridge, resulting in a unipolar output voltage. This converter is also known 
as H6D1. A disadvantage is that an additional diode is conducting during freewheeling, compared to 
that of the H6, and hence there are more losses. By adding two auxiliary freewheeling diodes instead 
of one diode, the H6D2 string inverter as shown in Figure 7.14(d) is formed, with the additional diode. 
The blocking voltage across the DC switches can be fixed to half the DC voltage, reducing the losses 
compared to that of the H6D1. Both the H6D1 and H6D2 inverters were introduced by Ingeteam [19]. 

Other string inverters introduced in practical PV applications are the single-phase three-level NPC 
(3L-NPC) [20], the transistor clamped converter, also known as the T-type converter and Conergy 
NPC [20] and the five-level H-bridge NPC (5L-HNPC) [21], as shown in Figure 7.15. 

The 3L-NPC string inverter, also known as the diode-clamped converter, is connected to the phase and 
neutral of the grid through the output phase node and the DC-link neutral point, respectively. Depending 
on the switching state, the inverter clamps the grid phase to the positive, negative and neutral potentials 
of the DC link, hence the three levels. The connection to the neutral point is achieved by switching on the 
two internal devices and by freewheeling through the clamping diodes. This switching state generates a 
zero voltage level at the output, since the neutral point is grounded. The three voltage levels have the same 
power quality as the unipolar voltage generated by the H-bridge, but in this case without the problems of 
HF commutations in the common-mode voltage, since the neutral of the grid is permanently connected 
to the neutral point of the DC link and does not change its potential with respect to the PV system for 
any switching state. Since the common-mode voltage is, in fact, constant (DC voltage), there are no 
problems with leakage currents and EMI, making the 3L-NPC a suitable topology for transformerless 
applications. The main drawback is that the DC-link voltage is the double of the H-bridge topologies, 
which might require an additional boost stage that introduces losses, particularly when a large boost 
effort is needed [15]. Note that in this case the grid filter does not need to be symmetrically divided in 
both current paths of the grid connection, as with H-bridge topologies. The 3L-NPC string inverter has 
been introduced in practice by Danfoss. 

An alternative way to clamp the phase of the grid to the neutral point of a split DC link is through 
a bidirectional switch between the two nodes, hence the name “transistor clamped inverter.” Since it 
forms a T with the half-bridge converter leg that is connected to the positive and negative bars of the DC 
link, it is also called T-type converter. Particularly in PV applications, it is more commonly referred to 
as the Conergy NPC, since it was introduced by the company of the same name. As with the previous 
topology, the converter generates three voltage levels but does not require the two additional clamping 


Figure 7.15 Neutral point clamped string inverters without isolation: (a) 3L-NPC, (b) T-type and (c) 5L-HNPC 
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diodes. Nevertheless, the phase leg switches have to block double the usual voltage if connected to the 
same grid, which is not the case for the clamping switches, which share the blocking voltage. Since the 
neutral of the grid is permanently connected to the neutral of the DC link (which is grounded), it causes 
a fixed common-mode voltage, and hence there is no risk of leakage current, which therefore is suitable 
for transformerless operation. For the same reason, no symmetrical division of the grid filter is necessary. 

More recently the 5L-HNPC string inverter has been introduced by ABB [21]. Unlike the two previous 
converters, this topology does not connect the grid neutral to the midpoint of the DC link and to ground. 
In fact, it is a full-bridge made of two 3L-NPC phase legs capable of generating a five-level output voltage 
between both phase leg terminals. Like the H-bridge, since both converters are full-bridge topologies, it 
requires a split symmetrical grid filter for transformerless operation together with a particular modulation 
technique. Although the converter is capable of generating five levels, only three levels are generated in 
order to avoid switched common-mode voltages. 

The cascaded H-bridge (CHB) multilevel converter has also found practical application for string 
inverters, and was introduced by Mitsubishi [22]. The converter consists of three series-connected 
H-bridge cells operating with unequal DC-voltage ratios, as shown in Figure 7.16. The PV system is 
connected through a boost DC-DC stage to only one of the H-bridge cells, which is the only one pro- 
cessing active power to the grid. The other two cells use floating DC-link capacitors and act as auxiliary 
series active filters for power quality improvement through the generation of more voltage levels. The 
voltage ratio has been chosen to be 1 : 2: 4 among the H-bridges, since it prevents regenerating operation 
of the floating cells, making the voltage balancing mechanism feasible. With this asymmetry ratio, 13 
voltage levels are obtained at the grid terminals, allowing an important reduction in devices switching 
frequency without compromising power quality and reducing filtering requirements. Moreover, the large 
power cell connected to the PV system operates at fundamental switching frequency, further improving 
efficiency. However, the topology requires a bidirectional bypass switch connected to the large cell, 
in order to reduce the changing potential between the PV system and ground to reduce the possibility 
of leakage currents and enable transformerless operation. The main advantage of this converter is the 
high-power quality and efficiency. On the other hand, the main drawbacks are the asymmetry in the 
blocking voltages among devices and the more complex control scheme, which includes voltage balance 


+ 
vDC —— 
Floating j joa Jok: 
de source ' i 
yy i 


| 

H 
TL! 

F 


R 
I 4pc Z 
YDC 


| 
ala 
EJ 


Ld 
| 
itt 
> 
+ 
as 


Grid 


PV 


PV string Boost stage eee bypass 
i roj ATi} switch 
l HĪ: 
+l } ! j 
2vp cT i H 
Floating Joł Jk ry Filter 
de source Ps FH i 


Figure 7.16 String inverter based on cascaded H-bridge with unequal DC-link voltages 
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Table 7.5 Examples of commercial string inverters 
Parameter Sunways Danfoss ABB Mitsubishi 

NT 5000 DLX 4.6 PVS 300 TL8000 PV-PN40G 
Maximum input voltage (V) 900 600 900 380 
Rated AC power (kW) 4.6 4.6 8 4 
Grid connection Single phase Single phase Single phase Single phase 
Topology HERIC HNPC 1:2:4-CHB 
Efficiency (%) 97.8 97.3 97 97.5 
Isolation Transformerless HF transformer Transformerless Transformerless 
Independent MPPT 1 (2 strings) 1 (3 strings) 1 (4 strings) 1 
Photo Z Ta 

— 


of floating capacitors. Table 7.5 shows some examples of commercial string inverters discussed in this 
section and their main characteristics. 


7.3.3  Multi-string Configuration 


Central and string inverter configurations interface a PV array and a single PV string to the grid, respec- 
tively. Hence, only one MPPT is possible for the respective array or string. In order to introduce more 
flexibility in the PV system design, while mitigating the effects of partial shading and module mismatch, 
the multi-string concept was introduced [8]. The multi-string configuration is basically a two-stage cen- 
tral configuration with the peculiarity that it has more than one DC-DC stage (usually from 2 to 4). 
Hence, it combines the advantages of string inverter (high-energy yield by individual MPPT) and central 
inverter (low cost). 

Each DC-DC converter is used to connect a PV array or string to a central inverter that concentrates all 
DC-DC stages into one grid connection. This configuration decouples the PV system from the inverter 
DC link, enabling a robust grid-tied converter control and extends the PV input voltage operating range. 
The flexibility of having a decoupled PV system from the grid connection enables the integration of even 
different module technologies (e.g., crystalline or thin film) and orientations (e.g., south, east and west) 
in the same PV plant. The modular nature of this inverter makes it more flexible and more robust since 
the failure of one string does not affect the entire PV plant. 

Multi-string inverters can be found for single- and three-phase grid connections and can range from 
small systems of a few kilowatts to medium systems of several tens of kilowatts. Examples of commercial 
multi-string inverters and their main characteristics are given in Table 7.6. 

The main difference between the multi-string configuration and the central and string configuration is 
the multiple DC-DC stages connected in parallel to the DC link. Hence, all inverter topologies seen in 
the previous sections can be potentially used as multi-string inverters by connecting two or more DC-DC 
stages to the DC link and therefore they will not be analyzed again. 

One of the first multi-string inverters introduced in practice was the half-bridge inverter with boost 
converters in the DC-DC stage introduced by SMA [8]. Others that have followed include the H-bridge, 
the H5 converter, the three-phase two-level VSI, the 3L-NPC and the three-phase three-level T-type 
converter (3L-T) [15]. Figure 7.17 shows some examples of practical multi-string configurations. 

The most common DC-DC stages used for multi-string configurations are the boost converter (as 
shown in Figure 7.17(a) and (b)) and the HF-isolated DC-DC switch mode converter based on an 
H-bridge, HF transformer and diode rectifier (shown in Figure 7.17(c)). The boost is very simple in 
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Table 7.6 Examples of commercial multi-string inverters 


Parameter SMA Danfoss SATCON 
Sunny Boy 5000TL TLX 15 Solstice 
Nominal input voltage (V) 750 700 600 
Maximum input power 5250 W 15kW 100 kW 
Grid connection Single phase Three phase Three phase 
Maximum input current (A) 15 3x12 182 
Maximum efficiency (%) 97 98 96.7 
Isolation Transformerless Transformerless LF transformer 
Independent MPPT 2 (2 strings each) 3 4—6 (9 strings each) 
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? 
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structure, design and control and is capable of elevating voltage and controlling the MPPT. The boost 
converter can be found implemented with the inductor and diode in the positive DC bar as well as in the 
return path in the negative DC bar, depending on the PV module technology. In particular, thin-film PV 
modules benefit more from having the inductor and diode in the negative bar [15]. 

On the other hand, the HF-isolated DC-DC converter offers additional input—output voltage flexibility, 
thanks to the transformer turns ratio between the primary and secondary sides. Nevertheless, it has a 
high component count compared to that of boost converters and reduced efficiency because of the high 
switching frequencies and transformer. However, since isolation is required in some countries, this is 
a viable option with efficiencies comparable to that of LF transformers but with higher power density. 
The development of new, faster and more efficient semiconductor devices in the future will make this 
DC-DC converter more competitive compared to that of other DC-DC converter stages. 


7.3.4 AC-Module Configuration 


The AC-module configuration uses a dedicated grid-tied converter for each PV module of the system. 
Therefore, this configuration is also known as module-integrated inverter and micro-inverter because of 
the small size and low power rating of the converter. The LV rating of PV modules (generally around 
30 V) requires voltage elevation for grid connection. This can be achieved by adding a DC-DC boost 
stage before the micro-inverter or by using a line frequency step-up transformer at the grid side. The 
latter is not a practical solution, since the size and cost of LF transformers for a single PV module, with 
a power rating ranging from 150 to 250 W, is not competitive compared to that of other configurations. 
Therefore, all AC-module configurations that are commercially available have a DC-DC stage prior to 
the micro-inverter. If isolation is required, HF transformers are included in the DC-DC stage, which is 
the case in most commercial AC-module topologies. 

Figure 7.18 shows one of the most commonly used AC-module configurations found in the litera- 
ture and in practice: the flyback/H-bridge topology. A practical version of this topology was devel- 
oped by Enphase Energy [23], currently commercialized by Siemens. The flyback converter performs 
MPPT and voltage elevation and provides galvanic isolation, while the H-bridge inverter controls the 
DC-link voltage (output voltage of the flyback), grid synchronization and active/reactive power con- 
trol. The topology shown in Figure 7.18 features interleaved flyback converters connected in parallel 
at the input and output, which are controlled by phase-shifted carriers. This concept divides the power 
among the different flyback converters, enabling higher switching frequencies of the flyback semicon- 
ductor due to the lower current, reducing the rating of the device while enabling the use of smaller HF 
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Figure 7.17 Examples of multi-string topologies: (a) three-phase 2L-VSI with boost proposed by Steca, 
(b) three-phase 3L-NPC with boost used by Danfoss and (c) H-bridge inverter with high-frequency DC-DC stage 
used by Fronius and Danfoss 


transformers. This configuration not only reduces the size of the DC-DC stage but, more importantly, 
allows a reduction in the current ripple at both input and output because of the phase-shifted carrier 
modulation, and thereby extending the lifespan of the capacitors. Since capacitors are the most unre- 
liable component of the circuit, the use of an interleaved DC-DC stage improves the lifecycle of the 
whole converter, making it possible to extend the manufacturer’s warranty up to the lifetime of PV mod- 
ules (usually 25 years). The small size of the converter allows a very compact enclosure design that can 
be attached to the back of each PV module hence the name “module-integrated inverter.” 

Another commercial AC-module integrated converter, shown in Figure 7.19, includes a resonant 
H-bridge stage with an HF isolation transformer and a diode bridge rectifier as the DC-DC converter 
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Figure 7.18 AC-module PV system based on interleaved flyback DC-DC converter and H-bridge inverter 
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Figure 7.19 AC-module PV system based on resonant H-bridge HF DC-DC converter and H-bridge inverter 


Table 7.7 Examples of commercial AC-module inverters 


Parameter Power One Aurora Siemens Enecsys Single 
MICRO-0.3-I Micro-inverter System micro-inverter 

Maximum input voltage (V) 60 45 44 

Input power (W) 200 and 300 190-260 240 

AC connection Single phase Single phase, three phase Single phase 

Maximum input current (A) 10.5 10.5 12 

Peak efficiency (%) 96.5 96.3 95 

Isolation HF H-bridge DC-DC HF flyback DC-DC HF H-bridge DC-DC 

Independent MPPT 1 per module 1 per module 1 per module 


Photo ie 5 a > 


instead of the flyback. The H-bridge has better power conversion properties compared to that of the 
flyback (reduced ripple and higher power capacity). Therefore, interleaved operation is not necessary, 
although it requires more devices at both sides of the HF transformer. This converter has been developed 
by Enecsys [24]. An alternative topology patented by the same manufacturer includes a DC-DC stage 
with a half-bridge and two capacitors before the HF transformer instead of the H-bridge. 

Generally, MOSFET devices are used in the DC-DC conversion stage because of the higher switching 
frequencies required by the converter and the LV rating, while IGBT devices are used in the grid-tied 
inverter circuit. Examples of AC-module integrated inverter configurations are given in Table 7.7 along 
with the most important parameters. 
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Although the concept of module-integrated inverters has been around for decades, this configuration 
has not been widely adopted even for small- or medium-scale PV plants. Among the reasons are that the 
cost per watt (and even volume per watt) of distributing the power electronics and the control system 
among all modules is higher (more sensors, control platforms, gate drives, semiconductors, etc.). Fur- 
thermore, despite having the best MPPT capability of all configurations (one module, one MPPT), it has 
lower power converter efficiency because of the high switching frequency and larger voltage elevation 
ratio required for grid connection. Nevertheless, this concept might benefit from new, faster and more 
efficient semiconductor devices (SiC and GaN) and gain more importance in the future. 


7.4 Control of Grid-Connected PV Systems 


According to the previous sections, grid-connected PV systems can be composed of one or two power 
conversion stages (DC-DC and DC-AC) and different converter topologies. Therefore, the control 
system and modulation schemes depend on the topology and vary from one topology to another. 
Nevertheless, the main control objectives are universal and include MPPT of the PV system, grid 
synchronization, DC-link voltage control, active and reactive power control and grid monitoring 
including anti-islanding detection. 


7.4.1 Maximum Power Point Tracking Control Methods 


Following the analysis of the power curves of PV modules presented in Section 7.2, it is clear that to 
maximize the energy output of a PV system, it should be operating around the MPP. The MPP depends 
on the solar irradiation and temperature of the module, which are variable in time. The MPP is achieved 
by controlling the load curve of the PV module or string, making it to intersect the J-V curve where 
ipy X Vpy is maximal. As defined in Section 7.2, the voltage at which this occurs is known as the max- 
imum power voltage Vm, which should be considered as the reference voltage for the control system 
Vy = Vmp This voltage could be obtained through direct measurement of the solar irradiation and the 
module temperature, which are used to compute Vinp from the PV module physical model. However, 
solar irradiation sensors (pyranometers), in particular, are very expensive. Therefore, numerical methods 
based on electrical variable measurements (already needed for the converter control) are used to search 
for the MPP. Since this task is performed online and updated periodically over time, they are known as 
MPP tracking (MPPT) methods. 

There are several MPPT methods found in practice and in the literature that can reach up to 99% of the 
MPP efficiency [25, 26]. A classification of the most common MPPT methods is given in Figure 7.20. 
Hill-climbing and fractional methods are widely adopted in commercial PV systems. 
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Figure 7.20 MPPT algorithm classification 
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7.4.1.1 Perturb and Observe Algorithm 


Hill-climbing algorithms are the most popular methods used in practice. Their popularity is due to the 
implementation simplicity and effective tracking of the MPP. Perturb and Observe (P&O) is a type of 
hill-climbing method consisting of a continuous reference voltage search process to reach the MPP [27]. 
The search is performed by perturbing the reference voltage and then measuring the system response 
(observing) to determine the direction of the next perturbation. The reference voltage perturbations are 
performed in the direction in which the power should increase. 

Increasing the reference voltage v;,, of the PV system when it operates at the left side of the MPP 
would increase the power output of the system (refer to Figure 7.4 for details), whereas such perturbation 
would decrease the power output if the system was operating at the right side of the MPP of the P-V 
curve for a given solar irradiation and temperature. The opposite reactions are obtained when decreasing 
the reference voltage on both sides of the MPP. Therefore, the MPP can be tracked by introducing a 
perturbation in the reference voltage (Av). The perturbation in the reference voltage is always of the 
same magnitude while the sign is determined by the power variation. If the power has increased from the 
last sample, the sign of the perturbation is maintained. If the power has decreased, the sign is reversed. 
Figure 7.21 shows a diagram of the algorithm implementation and execution. 

This process is repeated until the system reaches the MPP and oscillates around it, locked in three 
voltage references in steady state, as can be seen in Figure 7.22. When a change occurs in solar irradiation 
or temperature, the system will change to a different P—V curve, which will be detected by the power 
calculation and compared to that of a previous value and will introduce the corresponding perturbation 
to the voltage reference. This is shown in Figure 7.22, where a step in temperature from 50 to 25°C has 
been introduced at Ar,. Note how the voltage reference drifts to a new set of three voltage levels around 
the new MPP. 

The magnitude of the oscillation around the MPP depends on the magnitude of the perturbation 
lAvl. The magnitude of the perturbation is designed to be at least as large as the voltage ripple in 
the input capacitor of the converter (or the output of the PV array). Otherwise, the ripple in the 
voltage will lead to poor power calculations, which may result in inadequate directions for the 
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Figure 7.21 P&O algorithm 
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Figure 7.22 P&O under step change in temperature: (a) operating principle in the P—V curve (rotated for common 
voltage axis) and (b) voltage reference and voltage output of PV system 


perturbation and prevent the system from locking in the three voltage levels, which is around the MPP in 
steady state. 

The other parameter that needs to be designed in P&O algorithms is the time interval in which 
the reference is updated At. This time period needs to be large enough to allow the power converter 
controller to reach the steady state around the input voltage reference before a new perturbation is 
introduced. 

One of the drawbacks of this method is that it fails under rapid variation in solar irradiance and 
other environmental conditions. This happens when the change in power because of operating condi- 
tions is larger than the changes because of the perturbation produced by the algorithm. This condition 
may result in shifting the operating point in the opposite direction. This problem can be avoided by 
estimating the variation in power caused by the change of operating conditions separately and then 
perturbing the system to decide the direction of the next perturbation. The algorithm is also sensitive 
to measurement noise and to large ripples in the PV output voltage. The latter occurs for low capac- 
itances at the PV output, causing a large oscillation around the MPP. Since the P—V curve falls very 
steeply on the left side of the MPP, large oscillations in the PV voltage may produce large drops in the 
generated power. 


7.4.1.2 Incremental Conductance Algorithm 


This method is similar to the P&O algorithm and was proposed for rapidly changing atmospheric condi- 
tions [25, 26]. This method is derived from the power curves of Figure 7.4, where the slope of the curve 
is positive on the left side, negative on the right side and zero at the peak. The slope of the power curve 


can be found from . , 
dPpy _ dCipyYpy) _, dipy 


= C pape 7.2 
dvpy dvpy wa EPY dvpy 07.2) 


The maximum power is then obtained when the power derivative is zero; hence 


=03 ~ =- (1.3) 


where ipy/Vpy represents the conductance, while dipy/dvpy represents the incremental conductance. The 
derivative of the current with respect to the derivative of voltage can be approximated as the difference 
between the actual values and the previous instant values in that iteration process. Hence, by comparing 
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Figure 7.23 Incremental conductance MPPT algorithm 


the conductance i,,/Vpy to the incremental conductance dipy/dvpy as shown in Figure 7.23, the algorithm 
can track the MPP and stay there until a change of dipy or dvpy occurs as a result of a change in atmo- 
spheric condition. 


7.4.1.3 Fractional Open-Circuit Voltage Method 


The /—V curves of a PV module, string, or array, such as the one shown in Figure 7.4, suggest a linear 
relation between the open-circuit voltage (v,.) and the MPP voltage (vp) for different irradiance and 
temperature conditions. This linear relation can be described by 


for k <1 (7.4) 


oc 


The proportionality constant k, depends on the characteristics of the PV system and is determined by 
measuring the Vip and v,,, under different irradiance and temperature conditions. Although the constant 
k, differs according to the type of the PV system, the range of k, is reported in the literature to be between 
0.71 and 0.8. In order to find the MPP using Equation 7.4, the value of v,, must be measured for a given 
irradiance and temperature. This can be achieved online by shutting down the power converter — either 
the DC-DC or the DC-AC stage depending on the configuration connected to the PV system — to 
simulate no load conditions, in order to measure v,- In order to track the MPP under variable conditions, 
this process is repeated periodically every Aż (usually around 15 ms). 

This method is simple and straightforward to implement [26]. However, there is an error of approx- 
imation in the linearity of PV modules and the frequent shutdown of the system necessary to measure 
V Causes power losses. The latter issue can be avoided by using a separate PV cell to measure v,- This 
solution comes at an additional cost and mismatch between the characteristics of the reference PV cell 
and the actual PV system can cause a steady-state error in the MPPT. 
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7.4.1.4 Fractional Short-Circuit Current Method 


This method is the current counterpart to the open-circuit voltage method [26]. Instead, the MPP current 
inp 1s computed through the linear relation with the short-circuit current į, under different environmental 
conditions. This can be expressed by 
imp =p i, for ky <1 (7.5) 
The proportionality constant k, depends on the characteristics of the PV system and has been reported 
to be typically between 0.78 and 0.92. Measuring the short-circuit current i „ online is more complex than 
measuring the open-circuit voltage and may require additional components in the power circuit such as 
a bypass switch. As with the open-circuit voltage method, this method produces additional losses during 
the measurement of i... 


7.4.2 DC-DC Stage Converter Control 


According to Section 7.2, some string configurations all multi-string configurations and most AC-module 
integrated configurations include a DC-DC stage between the PV system and the grid-tied inverter. The 
main function of the DC-DC stage is to introduce a decoupling between the two DC voltages, hence 
decoupling the MPP voltage reference at the output of the PV system from the DC-link voltage reference 
at the input of the grid-tied inverter. Additional functions of the DC-DC stage include voltage elevation 
to adapt LV levels from the PV system to DC-link voltage requirements for grid connection and also 
galvanic isolation for those DC-DC converters with HF transformers. 

The control scheme may vary from one DC-DC converter topology to another and also be different 
depending on the control method (linear, hysteresis, fuzzy, etc.). Nevertheless, most control structures 
found in practice are based on cascaded linear control loops, with a slower outer DC-voltage control 
loop and a faster inner current control loop. As an example, without loss of generality, the boost con- 
verter control will be analyzed, since it is the most representative of all DC-DC converters. Only slight 
modifications in the modulation stage are required for the other DC-DC converters. 

Figure 7.24 shows a block diagram of a classic control system used to perform MPPT of the PV 
system with a boost converter. Any voltage-based MPPT algorithm may be used to generate the outer 
loop reference voltage v;,,. The PV system current ipy and voltage vpy measurements are required for the 
MPPT algorithm (e.g., P&O). The outer voltage loop controls the input capacitor voltage of the boost 
converter, that is, the PV system output voltage. Therefore, the reference for this loop is given by the 
MPPT algorithm. The voltage error is controlled using a linear proportional-integral (PI) controller whose 
output is the current through the input capacitor 7,. As the DC-DC converter does not directly control 
the capacitor current, a feedforward compensation can be included to compute the DC-DC converter 
current reference; in the case of the boost converter, this is the inductor current i, . 


Compensation 


MPPT Current control PWM 


Figure 7.24 DC-DC converter stage control block diagram (adjusted here for a boost converter) 
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The boost inductor current i, is measured for feedback to compute the current error, which is also 
controlled with a PI regulator (hysteresis controllers may be used here but introduce variable switching 
frequency). The output of the current control loop is the duty cycle reference of the boost converter, 
which is modulated using carrier-based PWM. The resulting gate signal (S,) is used to control the boost 
semiconductor. 

Note that a necessary condition, by design, for the proper operation of the boost converter and to 
effectively control the boost inductor current is that the output voltage is greater than the input voltage 
(Vpc > Vpy), Which is the case for most DC-DC stages used in PV systems. The output voltage of the 
boost converter vpe is controlled by the grid-tied inverter and can be considered as a fixed voltage source 
for the boost control purposes. 

The boost converter control system essentially adjusts the duty cycle to achieve the desired 
input—output voltage ratio imposed by the MPPT algorithm reference and the DC-link voltage ref- 
erence. In the steady state, the boost controller should settle the duty cycle of the boost converter D, 
fulfilling the voltage conversion condition 


Voc 1 
= a 7.6 
Vpy 1-D (6) 


7.4.3 Grid-Tied Converter Control 


The main function of the grid-tied inverter is to provide grid synchronization and to control active and 
reactive power flow or, seen differently, to control the grid currents and the DC-link capacitor voltage. 
In PV configurations where no DC-DC stage is included, as in the central topology and some string 
inverters, the DC-link voltage control also performs the MPPT of the PV system. 

Among the most commonly used control schemes for three-phase grid-tied inverters (also known in the 
motor drive industry as active front-end rectifiers) are voltage-oriented control (VOC) and direct power 
control (DPC) [28]. Nevertheless, in PV applications, most grid-tied inverters are controlled using VOC. 
As the name suggests, VOC uses a rotational dq reference frame transformation oriented with the grid 
voltage vector to transform all AC quantities to DC values to simplify the control system design and 
enable the use of PI controllers. The grid current in the dq frame can be decomposed into the real part 
on the d-axis (i 4), which is aligned with the grid voltage vector and hence it is proportional to the active 
power P and the imaginary part on the q-axis (i,,), which is perpendicular to the grid voltage vector and 
hence proportional to the reactive power Q. 

VOC is based on a cascaded voltage and current control loop as shown in Figure 7.25. The outer 
voltage loop controls the DC-link voltage vpe using a PI controller whose output is proportional to the 
active power and hence to the desired value of i,q, while reactive power is controlled with i,,. Both current 
control loops are regulated using PI controllers, whose outputs are the dg reference voltages. These are 
converted to phase values to be modulated by the inverter using PWM. Note that the g-axis current 
reference can be arbitrarily adjusted. Normally, ig İs set to zero, although during voltage dips the grid 
operator might request the injection of reactive power to help support the grid, as it is currently the case 
in wind power plants. 

For feedback purposes, the three phase currents (i , i,, i) are measured and transformed to dq values. 
Grid synchronization is achieved by extracting the grid voltage vector angle 0,, which is necessary in 
order to have the dq frame correctly aligned with the grid voltage vector. Usually a phase-locked loop 
(PLL) is considered for such purposes, for which the grid phase voltages are measured (v,, Vp, v,). Note 
that the dq current control loops shown in Figure 7.25 include feedforward crossed compensation compo- 
nents for decoupling between the dg current axes. This can be explained using the equivalent space vector 
circuits in the static and rotational frames as shown in Figure 7.26. From Figure 7.26(b), the grid-side 
voltage equation can be obtained: 


so~s"s 


di, 
V,=4R, +L, > + job, +V T) 
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Figure 7.26 Space vector equivalent circuit of grid-tied converter: (a) stationary frame and (b) synchronous rotating 
frame 


Then, decomposing Equation 7.7 into the d- and qg-components yields 


Vsa = = ias = — jo, sLsisq t Ved 


di 
= Iggk, th = + joLia + =0 (7.8) 


Note that vq is zero, since the dq frame is aligned with the voltage space vector v, and hence there is 
no projection over the g-axis. From Equation 7.8, it is clear there is a coupling between the dg currents. 
In order to reduce the effects of one variable on the other, the coupling terms can be fed forward since 
the parameters are known, and the involved variables have already been measured. Since the voltages to 
be modulated are the voltages generated by the converter (v, and v,,), solving Equation 7.8 will deliver 
the decoupling term included in the block diagram of Figure 7.25. The active and reactive power can be 
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computed by 


P= 5 Revit} = 5 Vala 


3 M 3o a 
Q= zimtv.is } = — 5 Vedbog (7.9) 


Note that Equation 7.9 can be used to compute the q-axis current reference from the desired reactive 
power reference in the case it is not zero. 

Finally, the only design constraint left is the minimum DC-link voltage vp. required to enable the 
appropriate control of the grid currents. This limit can be deduced from Figure 7.27, where the first 
quadrant of the space vector diagram of the grid-tied converter system is shown. Considering Equation 7.7 
in steady state and neglecting the drop in the resistance result in the space vector v, given by 


v = V, -jø Li, (7.10) 


According to the vector diagram of Figure 7.27, the converter space vector must be included within 
the circumference of radius h for its generation to be feasible. The radius A depends on the converter 
DC-link voltage and it is equal to 


v 
h= 2 7.11 
3 (7.11) 
Replacing this limit (/ > lv.) in Equation 7.10 and solving vpc in the magnitude of the resulting vector 
yields 


we 2 1/3 [e + (oL) | (7.12) 


The result of Equation 7.12 establishes that the DC-link voltage reference will depend on the grid 
voltage amplitude, grid frequency, grid filter inductance and rating of the converter given by the peak 
grid current. Note that in the case if no DC-DC stage is included in the PV system, this value will also 
set a limit for the MPP voltage of the PV array. Therefore, the number of series-connected PV modules in 
the string needs to be carefully designed in order to provide an MPP voltage above this limit even under 
the most adverse environmental conditions (minimum radiation and maximum temperature at which the 
plant operates). 
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Figure 7.27 Space vector diagram of the grid-tied converter system 
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Figure 7.28 Voltage-oriented control (VOC) for single-phase grid-tied PV inverters 


For single-phase grid-connected PV systems, such as some string, multi-string and AC-module inte- 
grated configurations, the previous VOC scheme in a dg rotating reference frame is not possible. Instead 
VOC is adapted by synchronizing the grid current reference directly with the single-phase grid voltage. 
The single-phase VOC block diagram is shown in Figure 7.28. The same cascaded control structure 
remains, in which the outer DC-link voltage loop is controlled using a PI regulator [16]. The output of 
the voltage controller is the active power, which is divided by the grid voltage amplitude to obtain the 
grid current reference. In addition, a sine wave function reconstructed with a PLL to extract the angle of 
the grid voltage is multiplied to synchronize the reference current with the grid for unity power factor 
operation. The PLL is preferred instead of using the direct measurement of the grid voltage, in order to 
avoid the introduction of grid harmonics and other perturbations to the grid current reference. 

Since the grid current reference is sinusoidal, PI controllers would generate steady-state error and phase 
displacement. Therefore, proportional-resonant controllers are used to tune to the grid frequency œ,. 
The output of the gird current controller is the grid filter inductor voltage reference. Neglecting the 
voltage drop in the resistance and considering that the grid voltage is already measured, a feedforward 
compensation can be used to compute the converter voltage reference by 


ve =v tV (7.13) 


The converter voltage reference v* is then modulated using the appropriate PWM strategy depending 
on the converter topology. 

Single-phase grid-connected systems have a strong second harmonic (2@,) in the DC-link voltage 
because of rectification. This harmonic must be filtered during feedback to prevent a third harmonic from 
appearing in the grid current reference because of frequency convolution when multiplying the active 
power (which would include the second harmonic) with the synchronization sine wave with fundamental 
frequency. This is achieved with a notch filter tuned to 2a,. If this step is not performed, the grid current 
will have an important third harmonic. Another way to compensate this is to greatly reduce the outer 
voltage loop bandwidth, so the second harmonic is rejected. However, this would degrade the overall 
performance of the system. 


7.4.4 Anti-islanding Detection 


According to IEEE standard 1547-2008 [29], a power system “island” is defined as “a condition in which 
a portion of an area of the electric power system is energized solely by one or more local electric power 
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Figure 7.29 Grid-connected PV distributed generation system with local loads: (a) normal operation and (b) island 
operation 


systems through the associated PCC while that portion of the area of the electric power system is electri- 
cally separated from the rest.” Grid-connected PV systems can become islanded if they are disconnected 
from the grid, for example, during a grid fault. If this situation is not detected, the PV system will continue 
generating power, feeding the local loads. This situation is more likely to occur in distributed generation 
power systems such as the one shown in Figure 7.29. 

Islanding operation can pose a serious risk to utility workers and maintenance personnel, since the 
lines remain energized [30]. It can also damage local loads as the voltage and frequency at PCC may 
drift from rated values. In addition, once islanding operation is over and the grid is reconnected, the PV 
system inverter will very likely be out of synchronization, causing damage to the converter and local loads 
because of the phase difference between the grid and inverter voltage. For this reason, grid connection 
standards of distributed generation systems mandate fast disconnection and cease of generation when 
island condition is detected. 

Islanding detection methods can be classified into three categories, as shown in Figure 7.30, depending 
on the location in which the detection is performed: by the power converter (converter-resident), by 
additions to the power system (external impedance insertion), or by the grid operator (grid-resident) 
[31, 32]. 

Converter-resident methods can be further divided into passive and active methods. Passive methods 
use grid parameters and measurements (voltage, frequency, harmonic content, etc.) to detect islanding 
operation by comparing the measurements with boundary limits. These limits define the non-detection 
zone (NDZ), in which the islanding is not detected, particularly when the local loads have similar power 
capacity to the PV system, and all the generated power is consumed locally, producing only slight 
variations in voltages and currents at PCC when islanding occurs. Therefore, passive methods have a 
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Figure 7.30 Anti-islanding detection methods for grid-connected PV systems 
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large NDZ. Nevertheless, passive methods are conceptually simple, incur little or no additional cost, are 
easy to implement and do not introduce any change in the power quality of the system. These methods 
are used in small- and medium-scale PV converters. Typical passive methods are under- and overvoltage 
detection, under- and overfrequency detection and voltage phase jump detection. 

Note that according to the definitions of power flow in the distributed generation system in 
Figure 7.29(a), during normal operation, the following holds 


Pioaa = Ppy + AP, 
Qioad = Qpy + AQ, (7.14) 


Active power is only related to voltage; hence during island operation, according to Figure 7.29(b), the 
voltage at the PCC should change to 
r Poy 


Vv =y 
pec pec 
P load 


(7.15) 

However, if the power consumed by the local loads is similar to that of the power generated by the PV 
system, then Ppy & P,,,q, Which substituted in Equation 7.15 shows that there will be little or no variations 
in the PCC voltage and remain within the NDZ. 

Active converter-resident methods were developed to reduce the NDZ of passive methods. This is 
achieved by injecting perturbations to the system, hence the name “active,” to accelerate the drift of 
variables or drive the system toward the boundary limits. Usually, the perturbation is injected to the grid 
current reference waveform. One of these methods is active frequency drift (AFD) [33], in which a phase 
perturbation is injected to the current reference waveform, which causes the inverter frequency to drift 
in case of islanding operation, which does not happen when the grid is available. Then, the induced 
frequency drift can then easily be detected with some boundary limits. Figure 7.31 shows the injected 
perturbation and the resulting current reference waveform. As can be observed, the smaller NDZ obtained 
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Figure 7.31 Active frequency drift (AFD) anti-islanding detection method: (a) AFD injected waveform and 
(b) modified current reference waveform [30] 
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with AFD comes at the expense of increased THD, which degrades the power quality provided by the 
grid-tied converter compared to that of the passive methods. Active converter-resident methods are also 
mainly used in small- to medium-scale PV converters. 

External impedance insertion can be implemented by connecting a low-value impedance, usually a 
capacitor bank, at the utility side of the PCC when the grid is disconnected, which creates a step change 
in the phase between the current and the voltage of the converter at the PCC. This phase jump is then easily 
detected by passive island detection methods resident in the converter. However, the implementation of 
this method requires additional switching equipment and capacitor banks, making it less attractive for 
small PV systems. 

Grid-resident methods are based on direct communication between the grid operator and the power 
converter such as PLCC (power line carrier communication) or SCADA (supervisory control and data 
acquisition). The grid operator directly informs the converter of the island condition, triggering the cease 
of power generation by the PV system. These methods require the involvement of the utility and are 
therefore not suitable for small- and medium-scale PV systems. Nevertheless, they are the mainstream 
solution for large-scale PV converters, where island operation is more critical because of the larger hazard 
that can be produced by a larger PV system. 

There are several other anti-islanding detection methods, many of which are proprietary technology. 
A review of mainstream anti-islanding detection methods for PV systems is given in [32]. 


7.5 Recent Developments in Multilevel Inverter-Based PV Systems 


Multilevel converters can reach higher voltages and power ratings and operate with lower switching 
frequency (below 1 kHz) compared to that of 2L-VSC because of an inherent increase in the output 
voltage waveform quality. This has made them very popular over the last two decades for high-power 
MV motor drive applications such as fans, pumps, conveyors, traction and propulsion drives [34]. They 
have these qualities since they are able to generate a stepped voltage waveform that better approxi- 
mates a desired reference (usually sinusoidal). This is achieved by arranging the power switches and 
capacitive DC sources in such a way that they can be interconnected, generating different voltage levels 
through a proper modulation. Currently there are a wide variety of multilevel converter topologies as 
shown in the classification of Figure 7.32, many of which are commercialized and found in industrial 
applications [34]. 

As shown in Figure 7.32, multilevel converters belong to the indirect conversion category, with a 
capacitive DC link, making them a voltage source type. The classification also includes direct AC-AC 
converters and current source converters, which are currently the main competitors of the multilevel volt- 
age source converter technology: cyclo-converters load commutated inverters and PWM current source 
inverters. However, these power converters are developed mainly for high-power variable-speed motor 
drives and therefore they are not really suitable for PV power generation. 

Although the multilevel converter concept has been around since the 1960s, the earliest multilevel 
converters to find industrial application were the NPC, CHB and flying capacitor (FC) converters. Cur- 
rently, the three-level NPC and 7- to 13-level CHB converters are the most commonly found multilevel 
converters in practice. The voltage and power ratings of these converters go from 2.3 to 6.6kV and 
from 1 to 40 MW, respectively. These converters are mainly used in pumps, fans, compressors, con- 
veyors and rolling mill applications. Nevertheless, in the past few years, multilevel converters have 
expanded their industrial presence with several new topologies and industrial applications. Among them 
are the three-level active NPC (3L-ANPC), five-level H-bridge NPC (HNPC), five-level hybrid between 
FC and ANPC (5L-ANPC), three-level neutral point piloted (NPP) and modular multilevel converter 
(MMC) [34, 35]. New applications include train traction, ship propulsion, wind energy conversion, 
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Figure 7.32 Multilevel converter topologies classification [34] 


HVDC transmission and hydro-pumped storage, to name a few. Many of them are addressed in Ref. [35] 
and the references therein. 

Because of the previously mentioned advantages, multilevel converters have also been proposed for 
interfacing PV systems to the grid [36], most of them based on the NPC [37-42] and CHB [43-51] 
topologies. In Refs. [37-41], NPC-based multilevel converter topologies are used to interface a single 
PV string per DC-link capacitor of the corresponding NPC topology. This approach does not need a 
DC-DC stage like the multi-string topology and effectively increases the voltage and enables MPPT of 
each string. However, it allows only a few string connections, which for a three-level NPC (3L-NPC) 
would be only two strings. This severely limits the size of the PV power plant managed by the multilevel 
converter, underutilizing the multilevel converter power capacity. In fact, commercial NPC converters 
are available from 0.8 to 44 MW for motor drive applications [34]. Thus, to fully use a 0.8 MW converter 
for PV power generation, several PV strings should be connected in parallel to both DC-link capacitors. 
In addition, the lack of a voltage boost stage would require the connection of a high number of modules 
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in series in each string to reach the medium voltage (MV) range in which the NPC converter operates 
(3.3 and 6.6 kV). 

The series connection of PV panels and parallel connection of PV strings introduce the same problem 
of the centralized topology. Panel mismatch and partial shading will reduce the power output. An 
additional problem is that the MPPT performed for each DC-link capacitor introduces an inherent 
DC-link imbalance (they have to operate at different voltages to ensure MPPT), which introduces 
distortion at the AC side. Furthermore, if the string output voltage reference given by the MPPT is 
low because of solar radiation and temperature conditions, the DC side could have a reduced voltage 
that affects or even disables the proper control of the AC side of the converter. This problem has been 
preliminarily addressed in Ref. [42], where an NPC multi-string configuration is presented, as shown in 
Figure 7.33. In this case, two DC buses are kept constant and separate the inverter from the MPPT side, 
which is performed by DC-DC converters. This allows an independent MPPT for each string without 
affecting the inverter and reduces the number of series-connected modules per string since voltage 
elevation is achieved by the two stacked DC buses and the DC-DC converters. 

CHB multilevel converters have also been proposed for PV applications by exploiting a feature that is 
considered as a drawback when operating as an inverter in motor drive applications, which is the need 
for several isolated DC sources connected to each cell. However, in PV systems, the PV strings naturally 
provide the isolated DC sources. This allows the inclusion of several strings with independent MPPT and 
provides inherent voltage elevation because of series connection of the H-bridges. The main challenge 
in CHB-based PV systems is the inherent power imbalance among cells in each converter leg and the 
power imbalance among the different phases. Therefore, most contributions in the literature are centered 
on the single-phase solution. 

In Ref. [49], the multilevel multi-string concept was applied to the CHB, as shown in Figure 7.34. 
In this case, each H-bridge cell provides a DC busbar for string connection through DC-DC convert- 
ers. This concentrates a very large number of PV strings in a single converter up to several tens of 
megawatt. The series connection of the H-bridge cells elevates the voltage to 3.3 and 6.6 kV for three and 
six series-connected cells, respectively. The main challenge is not only that there is a power imbalance 
among cells of one phase, but that the three phases are also inherently unbalanced. The cell imbalance 
is dealt with in the same way as with the single-phase CHB PV system presented in Ref. [45], while 
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Figure 7.33 Three-phase NPC multi-string topology for multi-megawatt PV application [42] 
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Figure 7.34 Three-phase CHB multi-string topology for multi-megawatt PV application [49] 


the phase imbalance is solved by shifting the neutral of the converter voltage in such a way that the 
grid currents become balanced. This has been achieved in the modulation stage with a simple feedfor- 
ward mechanism that compensates the voltage reference inversely to the imbalance so that the currents 
are balanced [49]. 


7.6 Summary 


This chapter presents a comprehensive overview of grid-connected PV systems, including power curves, 
grid-connected configurations, different converter topologies (both single and three phases), control 
schemes, MPPT and anti-islanding detection methods. The focus of the chapter has been on the main- 
stream solutions available in the PV industry, in order to establish the current state of the art in PV 
converter technology. Some examples of commercial PV converters have been included for this pur- 
pose. In addition, some recently introduced concepts on multilevel converter-based PV systems for 
large-scale PV plants have been discussed, along with trends, challenges and possible future scenarios 
of PV converter technology. 
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8.1 Introduction 


In recent years, there has been an accelerated development in renewable energy sources, such as pho- 
tovoltaic (PV) and wind energy, to meet the increasing energy demands of growing populations. Most 
installed wind turbines are variable speed turbines, actuating doubly fed induction or synchronous gener- 
ators in the kilowatt and megawatt ranges [1—3]. As many of the large wind turbines are located offshore, 
there is a need for robust machine and converter technologies that will require little maintenance. Since 
doubly fed induction and synchronous machines use brushes and commutators, which require frequent 
maintenance and replacement, new electric machine structures to replace wind generators are under 
investigation. The interior permanent magnet (IPM) machine is one such machine, with a considerable 
potential for wind power generation. This is because brushes and commutators are not required and there 
is no field winding copper loss since the excitation of permanent magnet is buried in the rotor. The IPM 
also offers better efficiency compared to other machines, although it is more expensive. 

It is anticipated that microgrid systems consisting of many renewable energy sources, including IPM 
generators, serving autonomous loads or connected to the grid will become prevalent. The IPM genera- 
tor will be required to supply an active power to the grid under minimum generator loss conditions at a 
controllable grid power factor. For a desired power rating, the IPM generator, rectifier, inverter and the 
topology of the filter connecting the inverter output to the grid must also be selected as well as the values 
of its inductors and capacitors. Then controllers will be designed to ensure system stability, robustness 
and high dynamic performance under all operating conditions. This sequential method of system design 
(structural (plant) design, control system design) has long been established to problematize the optimal 
static and dynamic operations of complex and nonlinear engineering and biological systems. In partic- 
ular, controllers can be limited by system characteristics induced by nonlinearity, such as input/output 
multiplicities, open-loop instability and right half-plane zeros or non-minimum phase phenomenon that 
limits the achievable controller bandwidth. 

A microgrid consisting of different types of renewable sources and loads is best conceived as a non- 
linear system. The dynamic models of the sources are nonlinear and some of the loads are modeled as 
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nonlinearly voltage and/or current dependent. The main focus of research to date has been on the control 
of microgrid systems, aimed at achieving maximum power extraction from renewable sources, the shar- 
ing of real and reactive powers between parallel sources and the seamless transition between autonomous 
and grid-connected modes of operation. Another area of great exertion is the design of the interface filters 
between the grid and the energy sources to meet steady-state filtering requirements in order to prevent 
converter-induced harmonics from flowing into the grid, while not provoking instabilities because of the 
variations in operating conditions and system parameters. Although there is an emerging consensus that 
the inductor-capacitor-inductor LCL filter is the best, research is ongoing to determine the controller 
structure for the system, the state variables to be fed back and the selection of filter parameters [4—7]. 

In order to elucidate the apparent difficulties in arriving at the optimal control structure for the LCL fil- 
ter, this chapter refers to the concept of system controllability to highlight the inherent characteristics of 
the system. Controllability is originally defined as the ability of a system to move quickly and smoothly 
from one operating condition to another and deal effectively with disturbances [7]. Controllability analy- 
sis gives insights into the inherent characteristics and phase behavior of the system, which should inform 
the system design and the selection of controller architecture [8—10]. 

From the control viewpoint of a linear system, in a stable system all the real parts of the poles should 
be on the left-hand side of the s-plane. In addition, a minimum phase system has all the real parts of the 
zeros of its characteristic equation transfer function in the left-hand plane. Therefore, using the poles 
and zeros, the response of the system to any input can be studied or predicted; moreover, the type of 
controller needed to improve its response can be selected more clearly. 

PV system is one of the most popular methods for directly producing electricity from the irradiation 
of the sun. It is environmentally friendly, renewable and free after initial production. Generally, the goal 
is to obtain the maximum possible power from PVs. For the maximum power point (MPP) tracking of 
solar cells, two main algorithms are suggested: open-loop and closed-loop controls. Open-loop control 
is the simplest, but the effect of solar irradiance variations is not taken into account and the efficiency 
may not be satisfactory. 

In closed-loop control, owing to the nonlinear characteristic of the solar cells and unpredictable envi- 
ronmental conditions and their effect on the output of the PV panel, designing a precise controller is 
very complex and sometimes not completely applicable. The most popular methods for the close MPP 
control of PV systems are incremental conductance (INC) and the perturbation and observation (P&O) 
algorithm. 

Three techniques have been proposed in the literature for implementing the P&O algorithm: reference 
voltage perturbation [11-13], reference current perturbation [14, 15] and direct duty ratio perturbation 
[12, 16, 17]. Reference current perturbation has a slow transient response to irradiance changes and 
a high susceptibility to noise and proportional-integral (PI) controller oscillation. Reference [18] com- 
pares voltage perturbation and direct duty ratio perturbation on the basis of system stability, performance 
characteristics and energy utilization for standalone PV pumping systems. In reference to voltage per- 
turbation, the system has a faster response to irradiance and temperature transients; however, it loses 
stability if operated at a high perturbation rate or if low-pass filters are used for noise rejection. Direct 
duty ratio control offers better energy utilization and better stability characteristics at a slower transient 
response and worse performance at a rapidly changing irradiance. System stability is not affected by the 
use of low-pass feedback filters and it allows the use of high perturbation rates. 

Most electrical power systems and the microgrid are highly complex and nonlinear systems. They 
are also multi-input multi-output (MIMO) systems, which makes their analysis even more complex. 
Unlike linear systems their characteristic equations cannot be defined and in many cases their stability 
can only be defined locally over the steady state operation points using the eigenvalues of the linearized 
characteristic equations. In order to define the minimum/non-minimum phase of the nonlinear system, 
the concept of zero dynamics has been used [10]. The unstable zero dynamics may cause problems 
for both the dynamic and steady-state responses. From a dynamic point of view, it causes an inverse 
response in which the response spends part of its time going in the wrong direction. Hence, it reduces 
the bandwidth of the controller, causes a delay in reaching the steady-state value and limits the degree 
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of achievable control quality [19-21]. The problem of a non-minimum phase system in steady state is 
called input multiplicity, in which the same output can be obtained from combinations of different inputs 
and output variables. It is therefore possible to have an unobservable transition from one steady-state 
output to another. 

This chapter therefore investigates the controllability of an IPM wind turbine generator connected to 
the grid using the analysis of its open-loop stability and zero phase behaviors. The zero dynamics of the 
grid-connected IPM generator using either an L or LCL filter are investigated. The wind turbine is work- 
ing at the MPP tracking scenario, and other operational objectives include generator loss minimization, 
the control of the grid reactive power and the converter DC-link voltage. The effect of filter structure on 
the inherent characteristics of the grid-connected generator determined through the study of zero dynam- 
ics constitutes the main theme of this chapter. It is also observed that the use of the feedback linearization 
methodology for controller design, where the stability of the zero dynamics permits the use of static con- 
troller gains, is becoming advantageous in the design of controllers for energy systems. This chapter is 
an extension of the work reported in [22]. 


8.2 Zero Dynamics of the Nonlinear System 


The definition of a nonlinear system with m number of inputs and outputs is 


m 


Ox 
x ft 2 gu re 
y, = h(x), [ool ere 77) 


The number of derivations (differentiations) of the output needed to see the input in its equation 
(explicit relation between input and output) is called the relative order of the output. In an MIMO, the 
relative order is the sum of all relative orders of the outputs. 

Another way to define the relative order of any output is to fulfill the following condition 


LL ho) = [ee (2) Lgl hO, «. Lyn hol +[0,0, ... ,0] (8.2) 
where the lie derivative definition is ah 
L,h(x) = ax 1 (8.3) 
Le h(x) =L,L,(x), L,L-h(x) = Ly (= sœ% (8.4) 
The relative order of the MIMO system is 
r=r +n + e+ (8.5) 


If the relative order of the system is less than the order of the system (number of dynamic states), part 
of the system is unobservable and there are internal dynamics. Internal dynamic states are not reflected 
during the process of feedback linearization and control design of the system; therefore, their stability 
must be ascertained. Zero dynamics is a special case of the internal dynamics and is defined as the 
internal dynamics of the system when the selected system outputs are set to zero by the input. There are 
two methods to isolate the zero dynamics. 


8.2.1 First Method 


In the first method [23] for finding the zero dynamics, after defining the number of internal dynamics 
(n—)r,) all the outputs should be made equal to zero. In this case, some dynamic states will be removed, 
leaving the internal dynamics which are independent of the input variables. 
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It should be noted that if the purpose for checking the stability of the zero dynamics is to use the 
input/output linearization method for controller design, the characteristic matrix can be defined as 
rı-1 rı-1 
Laly hisss Lemke h; 
C.@=} :; (8.6) 
Tm—1 Tm—1 
Lale ha ‘tons hi, 

The non-singularity of the characteristic matrix in an MIMO system is a sufficient condition for 
input/output linearization to be achievable through static state feedback. For systems for which this 
condition is not satisfied, controllers with dynamic contents can be employed to transform them to new 
equations satisfying the characteristic matrix [20]. 


8.2.2 Second Method 


In the second method based on [24], a new coordinate system with t(x) is generated in which the elements 
of the following matrix are linearly independent 


0 
ni ) 
(1) 


E 
n= e = [r O ngr Ò h Lh - LEA) o h Lely) ++ Leh, (| 
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(8.7) 


The original dynamic equations of the system are now converted into the new coordinates in which the 
input variables have been eliminated. For an MIMO system, the following can be defined 


m 


F, = Lyt, (x) i=1,...,a- rn) 
i=1 

G, = [bate bed] i=1,.., n- J r) (8.8) 
i=1 

C, = [Ly Lg "A, 0) + + Legends h] i=l ee 

W, = L,h,(x) i=1,...,m 


The zero dynamics after converting the matrices to the new coordinates (the output variables will be 
either zero or at their steady-state values) are defined as follows 
=1 
dy Ci (n) 
=F,_5,—- Gy, [W, (7) --- Wa] (8.9) 
Ca) 


8.3 Controllability of Wind Turbine Connected through L Filter 
to the Grid 


As illustrated in Figure 8.1, in the study system, an IPM generator driven by a wind turbine supplies 
power to the grid. A back-to-back AC/DC/AC inverter converts the AC generator output voltage to a 
DC voltage and then to another three-phase AC voltage. The grid-side inverter is interfaced to the grid 
through the L-type filter. 

In the IPM machine, the dynamics of the rotor can be neglected because the permanent magnet is a 
poor electrical conductor. Ignoring the core loss of the machine, the dynamic equations of the generator 
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Figure 8.1 Schematic diagram of IPM wind turbine connected to the main grid with L-type filter [23] 


are as follows 


Vac 

M, F Va = Relg + LegPleg + OL sales + OAm (8.10) 
Vi 

Mj 7 = Va = Ra + LegPlya = O Leatsa (8.11) 


The converter DC capacitor equation is given as 
= se? 12 
CyPVae =h — 1 = mg Malsa +Mala) -h (8.12) 
where V aand Z qa are the complex qd-axis voltages and currents of the stator, M,g, and V,, are the 
complex gd-axis modulation indexes of machine-side converter and the DC-link voltage, respectively. 
R, is the stator resistance and L,,, and A,, are gd-axis stator inductance and magnetization flux of the 


generator. 
The dynamic equations of the main grid with an L-type filter and grid-side converter are 


My 
= de 7 Vag = Rolog + LoPlog + OLoloa (8.13) 
Ma 
Z Vac T Va = Roloa + LoPlog ~ @ Lolaq (8.14) 


The parameters of the IPM machine and the grid are presented in Table 8.1. For generation of copper 
loss minimization, the following requirement should be met [25] 


aT, ÒT, 
at, di, 

c7 OP ing OP oss = flg Isa) =0 (8.15) 
Ol, Pla 
9P 5 

g Ga (Roa 7 Ladla ~ R (Lg ~ Lla = R Anta) (8.16) 


8.3.1 Steady State and Stable Operation Region 


Under steady-state operating conditions, the derivatives of the states in (8.10)—(8.14) are set to zero. 
The resulting equations with the algebraic equation defining the reference grid reactive power and the 
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Table 8.1 Parameters of the IPM machine for controllability analysis 


VinStateed 180 V Teed 5.5A 
@rm-rated 1800 rpm P (no. of poles) 4 

: 15Q A, 0.21 Wb 
L 0.035 H Ly 0.11H 
Ci 600e~° F J 0.089 kg/m? 
Vaq 170V Vod OV 
Ro 0.012 Lo 0.4mH 


condition for minimum generator loss (8.16) are used to determine the steady-state operation. The known 
variables are 
[Vea Vea Qe (o, =] T,) Va] (8.17) 


and the unknown variables are 


[La La My Ma Log La My Mo] (8.18) 


The rotor speed and the DC capacitor voltage are varied (œ, and V4.) to solve the steady-state equations 
given as 


Vic 
-M z +R Ig + O Lely + O,Ay, = 0 
Vac 
=Ma 2 + Rda ~ OL olog =0 
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Maz + Vod F Rolpa —@,L E =0 (8.19) 
3 3 
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=Q, + (5) Vaglsoa — Veatsoq) = 9 


The steady-state operation regions of the generator system are illustrated in Figure 8.2. In this figure, 
the output active and reactive powers of the IPM generator are shown. The stator current and voltage of 
the machine are presented in Figure 8.2b and c, respectively. The steady-state parameters of the machine 
are simply related to the input wind power or rotor speed that is directly related to it by the MPP algorithm. 
The modulation index of the machine-side converter is related to both rotor speed and DC-link voltage 
and it is always in the linear region below unity. Because all the power coming from the wind on the 
other side is transmitted to the grid and the voltage of the grid is constant, the modulation index of the 
grid-side converter in Figure 8.2 is simply related to the DC-link voltage magnitude. 
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Figure 8.2 Steady-state operation region of the system: (a) output active power of the generator (W), (b) output 
reactive power of the generator (var), (c) stator current (A), (d) stator voltage (V), (e) modulation index magnitude of 
machine-side converter and (f) modulation index magnitude of grid-side converter [23] 


To study the stability region of the system in all feasible operation regions, the model equations of the 
electrical subsystem is linearized and its characteristic equation is defined as a sixth-order equation. 


AV,,. 
PAI, = = (u 1 aes RAL = Dols Ala ~ Lgl gg h@, B Ain) 


AV., 
Ma =E -R Ala + OpLgAlog + Lalahon) 


e2 


(8.20) 


PAL og = 7— 


e°s2 


1 AV i. 
pAl,, = — (My = Ry Aloog — VeL Alpa 
AV,. 
Mo =" ~ RoAlog + Ob Mlirg 


3 
PAV = -ga Masla + My Ala + MgA + MpAloog) 


3p? 
pAo, = (=) (A Alga + Log — Log ago Alea + La- Log Ua leq) 
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R, oLa 


=— = 0 0 Ma 
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Dob _ R, 0 0 Mar 
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PAL og | _ Lig a ia 
PAL 54 Ro My 
PAV a 0 0 (QA - is IL 
i 3M, 3M 3Mo 3Mo 
Z 1 Sed 2 2 _ 2 a2 
4C ie 4C ic 4C,, 4C 
3p? (Am + (La — La) Lao) 3P (Lsa = Ta Mang 0 és 
8J 8J 
Alg 
Ala 
Al 
* alas 
AVG. 
Ao, 


JAI — A| =a,A° +a,4° + a44 +a, X? +a, +a,A+ a, =0 


Using the Routh—Hurwitz criteria 


6 
À dA a, a, Ay 
as ds a, a, 
E Ayds — Ad dys — A, A 
Mlb, = b a 
1 a, 2 a, 0 
Ble = a,b, — a;b, o a,b, — ad 
w b eT b 
1 1 
b,c, -b,c 
2 ae 12 
jd = - Ay 
c 
laz Cyd, — C10 
i= 
d, 
2° Ay 


the requirements for the stability of the system are 


a, >90, a; >0, ay >0, a, >0, a, >0, a, >0, ay >O 
b, >0, c, >0, d >0, e, > 0 


Lal, sd0 + Am 
La 
La I sq0 
sd 


0 


(8.21) 


(8.22) 


(8.23) 


(8.24) 


As shown in Figure 8.3, only the coefficient a) affects the stability region in which the system is 


unstable when operated above a particular rotor speed. 
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Figure 8.3 Stability region based on Routh—Hurwitz criteria. The final coefficient of the characteristic equation [23] 


8.3.2 Zero Dynamic Analysis 


To analyze the zero dynamics of the system, the first method is adopted. The four inputs and four out- 
puts are 
T T 
Y= |y @, Vi Q| > U= [Mg Ma Mo Mel (8.25) 


With differentiating of the outputs to define the relative orders 


4 


n=l, n=2 
and r= =5 8.26 
{ ai p= (8.26) 


n=l, 4= i=l 


Therefore, the system has one (n— }r,) internal dynamic. The zero dynamics is obtained when all the 
output variables are set to zero. With the grid voltage taken as the reference for the gd synchronous 
reference frame transformation and aligning the grid voltage in the q-axis (V,, = V» Vsa = 9) 


CPV = 0= -Ż (M l, + Mail, 


ql” sq S 


3 
) = gela + Moka) 


3P 
Po, =0= T, a (=) And og F Lea z Le Meo sa) 


3 (8.27) 
Q,=0= z Vealsza — Vaal) @, = 9, V = 0 
9P 2 2 
r= 0= (=) (Ry Leg = Lea = R (La ~ Lea a R Anta) 
then M.I 
I =-—# (8.28) 
sq My 


and the only remaining dynamic, the zero dynamic of the system, is 


RIa+Lapla=0 (8.29) 
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Hence since the resistances and inductances of the generators have positive values, the zero dynamics 
is always stable, indicating that the nonlinear generator connected to the grid system through L-type filter 
has a minimum phase characteristics. 


8.4 Controllability of Wind Turbine Connected through LCL Filter 
to the Grid 


The LCL filter shown in Figure 8.4 is a third-order filter that provides a much better ripple and harmonic 
attenuation over the higher frequency range using smaller passive elements. Therefore, they are more 
suited for high-power conversion systems and have already been widely employed in wind farms of over 
hundreds of kilowatts [26-29]. The second inductance represents the inductance of the filter, the grid 
and the isolating transformer. The resistances also include the copper loss of the grid, transformer and 
switching loss of the grid-side converter. 


8.4.1 Steady State and Stable Operation Region 


The total dynamic equations of the system with the LCL filter are 


y, c 

Ma 5 = Rda + LPL + OL Gly tO Àm 
Vac 

Ma 2 = Rda + LaPa = OLolog 
Vic 

My 2 = Veg = Rol + LoPloo, + aLla 
V, Ic 

Mam. = Va = Rolog + LoPloa 7 OL 2l2q 


Vaa — Vag = R La + L ply + OL gles 
8q 8 sq gf gq E 8 (8.30) 
Va — Vea = Rolpa + LePl yg — OL gl yg 


1 
PVeq = C. (Ia E Dg ~ oC, Va) 


g 
g 


1 
PV ea = g Ca Z 14 + a.C, Vig) 


g 
g 


+ Moka) 


ql” sq Si s2q 


3 3 
CaPVac =h - ty = — F(Mgiheg + Marla) - 7 Mol, 


In steady state, the derivative parts are zero so eight equations including six dynamic equations in the 
steady-state condition along with the two algebraic equations of reactive power and loss minimization 
can be solved. Therefore, the known variables are 


[Veg Ver Q (©, => T,) Vacl (8.31) 
and the unknown variables are 


[Za La My My, Io Toa My My l Lya Veg Veal (8.32) 


s2q 2 “ge c 


So œ, and V,, can be varied to calculate the other 12 variables. The results are illustrated in 
Figures 8.5-8.11. 
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Figure 8.4 The IPM machine as a wind turbine generator connected through LCL filter 
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Figure 8.5 Output active power of IPM generator 
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Figure 8.7 Stator current magnitude of IPM generator 


Controllability Analysis of Renewable Energy Systems 211 


350 


300 


250 


200 


@, (rad/s) 


150 


100 


50 


400 500 600 700 800 900 


@, (rad/s) 


400 500 600 700 800 900 


Figure 8.9 Modulation index magnitude of the machine-side inverter 
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Figure 8.11 Active power flowing into the grid 
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The stability region of this system can be studied using the small signal analysis in any steady-state 
point. The eigenvalues of the system at that point can be defined and checked for stability. 


AV... 
pAl,, = (ma z a R Ala ~ Ob Aloa ~ Leal go A®, B Awda) 


1 AVie 
påla = = (Ma 5% R Ala + OoLqAlg + LoglagoA®, 


D sq” sq0 
1 A Vic 
PAL 94 = Lo (Mo 2 ~ AV., = RoAl ey, z Ly Al aa 


e s2 


1 AV... 
PAL og = z~ (Max ~ AV ea — Rea Aloa + borg 


1 
PAL, = F- (AVe =R Ag = OL, Alay) 


8q 
e (8.33) 
1 
Ply = 7- AVe = R Alpa + Oleg Alg) 
pAV., = Sl, - Al,, — 0C, AV 4) 
1 
PAVeg = g (Aloa = Alya + 0C, AV) 


3 
PAV yg = — 7a My Alg + Mai Alsa + May Alog + Marla) 
de 


3p" 
pAo, = ( ) An Al +(La - Lo Mego Alea + (Ly - Lo Meio ALa) 


8I 

pAl,, Ala 
PAI, Ala 
PAlog Ala 
PAL 24 Alaa 
Pål | 4| Aleg 
pAl., =A Al, (8.34) 
PAV, AV 
PAVa AVe 
PAV 4 AV 
pAo, Ao, 


With the characteristic equation 
[AL — A] = ay dl? + ay? + ag’ + aA + ado +a; +a, +a, +a, A t+ad+a,=0 (8.35) 


The stability can be defined using the Routh—Hurwitz criteria. Because all eigenvalues in all operation 
regions are negative, the system is always stable. 


8.4.2 Zero Dynamic Analysis 


The dynamic equation of the system with the LCL filter in the nonlinear format is 


X = f(x) + 81u, + Bly + gzuz + g4u4 (8.36) 


214 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


where 


fœ) = 


The output equations are 


3P? 
Gy) i= (=) Ant + Lea = Lq)% 1%) 


0 0 0 
#9 0 0 
2La X9 0 
0 2L Xo 

0 0 a 
0 0 0 
> 8 (x) = 0 > g) = 0 > &4(X) = 0 
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0 0 0 

3x, 3x3 3x 
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hy Œ) 
h(x) Xio 
Y=| 
h,(x) š Xq 
h(x) ; Vn Xs- Vaa x5) 
where 
X= [a La Log Loa lai Lya Veg Veg Vac %,] 


The new states and inputs are 


U= [M Ma Mop Mo] 


(8.37) 


(8.38) 


(8.39) 


(8.40) 


(8.41) 
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With the same output variables in the new 10th-order system as the LCL filter defined in (7.39), the 


relative orders are defined as 


i n= 


n=l, 4=3 


4 


and pay n=] 


i=1 


(8.42) 


Therefore, there are three (n-— }'r;) internal dynamics. In this system, the second method has been used 
for defining the zero dynamics. In the first step, based on (8.7), the new coordinates of the system are 


© 
(1) 
n=|". 
n™ 
(x) 
hx) 
t(x) 
9P 
(=) R lL = Lg)? i R (Lsa ~ La)? =~ RAnX) 
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3 ViaR, + Vaq®eLg f 3 V d@eLg Vake i 3 Va 3 Vsa 
2 = Iti = Xs TX + TX 
= 2 L, 2 A 2 L 2 L 
3 Vaa 3 V, 3 Va eRe + Vogel Ry VOL; Zz Vogel gRy i 
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+ —— + = -= = x, 
2 L 2 L 8 
P 3 Vag Ry + VgL 7 Voi 3 VpdPeLg — Vag _ Vea 
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(8.43) 
qO t) 
mO t,(x) 
mo t,(x) 
m ax? + bix? +c 
n= a n a Xio (8.44) 
: M ‘ A,X, + DX) Xq + Cy 
(m) (3) 
q nN Xo 
m® aX + b3X5 
ny AygXs + DyX6 + CyX7 + d4Xg 
ny 5X, + bxy + 5X5 + dx + e5X7 + hsxXg +15 tjs 
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where t(x) is chosen as 
t) = x5, LX) = x4, bx) = x, (8.45) 


With t(x) given in (8.45), the linearized matrix of y will be 


0 0 00100000 
0 0 01000000 
0 0 10000000 
An® 2a,x,, 2bix,,+c, 0 0 000000 
An) 0 0 00000001 
An=| ; |Fla+bx, bt, 00000000 eee) 
An™ 0 0 00000010 
0 0 00b,40000 
0 0 0 0 a, by cy d, 00 
0 0 a; b; c; d; e; h, 0 0 


in which the determinant of the linearized matrix y(x) is not equal to zero 


det(An) = —(2b,x,,7a, — 2b,X5,d) — 2b) X2, b> — CA) — c1b3X2,)(C4h; — e;d4)a; #0 
9 Vid @el’g + Vig eke 


oa r e (8.47) 
g 


Therefore, all the elements of the matrix are linearly independent. The system equations in the new 
coordinates are given as 


1 2 
X falm, n>) 
X> fom ?.n P) 
A pÒ 
X4 n, 
(0) 
= |= a (8.48) 
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The zero dynamics are determined by setting the output variables to either zero or the steady-state 
values 


A(x) =n =y8 =0 

h (x) = = my? = O; ref (8 49) 
h 300) = = 4,9 = Vac _ref l 

h 4X) = = m“ = =Q,, ref 


and their derivatives 
my =0 
m® =0 (8.50) 
ny? =0 
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With Equation 8.50, the new equations are given in (8.51) which are constant. 


x) = ay 
(8.51) 
“Y = Ay 


Using (8.8), the following can be calculated 


Rx oL x, 
X1 gq g's e*“g"6 
oie ee ee 
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The other matrices are defined as 
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To substitute the input variables with the states, the equations of C(x) and W(x) should be defined as 
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Wa, = asf3, + bsf + Csfs1 + dsfoi + esf + hsfgi 
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The above equations are transformed into the new coordinates to yield the equations of the zero dynam- 
ics which are as follows 


© (0) O (0) 
m =Aym + Byam + Cyn, + Dd, 


(0) 0) 0 
Ayn T Boni + Can £ +M,, 
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(0) (0) 
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The equations of the zero dynamics are nonlinear and hence the stability can be checked using the 
corresponding linearized equations. The characteristic equation of the zero dynamics is a cubic equation 
given as 


l+nz+nz+m=0 (8.57) 


The Routh—Hurwitz criteria for the stability of this characteristic equation is given as 
n, >0,n, > 0,1) > 0 (8.58) 
(n,n, - n) >0 


Figure 8.12 shows how the signs of the two coefficients of (8.57) and (8.58) are influenced by the values 
of the rotor speed and the DC capacitor voltage. The zero dynamics is unstable for the operating regions 
considered, which leads to the conclusion that the IPM generator system has unstable zero dynamics, 
and is in non-minimum phase for all operating conditions. For the selected controlled variables, there is 
an inherent structural constraint that adversely affects the controller design. 
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Figure 8.12 Two of the coefficients of the linearized zero dynamics characteristic equation: (a) the last coefficient 
(ng) and (b) second coefficient (ny) [23] 
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8.5 Controllability and Stability Analysis of PV System Connected 
to Current Source Inverter 
As illustrated in Figure 8.13, in the study system, a PV system is connected to the grid through a current 


source inverter. The nonlinear characteristic equation of the PV system relating the PV voltage to its 
output current is as follows 


q Vow 

ly = nln — Nols exo (4 A ) — 1 (8.59) 
S 
100 

Equations (8.59) and (8.60) define the steady-state equations relating the current flowing out of the PV 
and the terminal voltage. In the equations, 7, and 6 are the reverse saturation current and the temperature 
of the p — n junction. Z is the short-circuit current of one PV cell, n, and n, are the number of series and 
parallel PV cells in a string, respectively. A is the ideality factor, S is the solar irradiation level, 0, is the cell 
reference temperature and k, is the temperature coefficient. g(= 1.602e7!? C) and k(= 1.38e7” J/K) are 
the unit electric charge and Boltzmann’s constant. The dynamic equations of the grid are 


Tn = Une + ky(O — 8,)1 


src 


(8.60) 


{ Ving ~ Veg = Releg + LgPleq + Obighya (8.61) 


Vind — Vga = Rolga + LgPlag — OL el 


e g gq 


where V,a and /,,, are the qd-axis grid voltage and current. The inverter and the DC-side dynamic 
equations are as follows 


we i 

slq 2 dl 
Ma 

Iia = 54a (8.62) 
3 

Vic = 4 (M, Ving + MV na) 


M, 
5 fa B Dg = CaP Vmg + Cm Ving 


(8.63) 
Ma 
Zz fat E Toa = CnP Vina = OC a Ving 
3 
Vea gMh Ving + Ma Vma) = Raitar + LarPlar (8.64) 
CiPVa = Lw 7 la and Va = Vy (8.65) 
To control the input current of the inverter and the reactive power following into the grid 
1 2 3 (Ma Mg 
Rala” + zlaPla? = Vala - 2 (FY + 5 Fa Vma (8.66) 
3 : 
Q, = z Vealea = Vealeq) 


If the grid voltage is aligned to the q-axis reference frame (V,, = 0) and the system operates under a 
unity power factor, then 


3 
Q, = Z Vegla = 0 (8.67) 
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Figure 8.13 A PV generator system with a current source inverter connected through LCL filter to the grid 


8.5.1 Steady State and Stability Analysis of the System 


Under steady state operating conditions the derivatives of the states are set to zero. The resulting equations 
with the algebraic equation defining the reference grid reactive power and operating under the MPP of 
PV are used to determine the steady-state operation. They are given in Figures 8.14—8.17. The known 
variables are 


[Vin Va 2: Tae Vee (8.68) 


and the unknown variables are 
[M, M, Ta lay mâ Vi La] (8.69) 


The irradiation of the sun is varied (S,) and the PV voltage and current based on the MPP operation 
are calculated to solve the steady-state equations, which is given as 
Ving ~ Vga T Releg — OeLelga = 9 


Ving — Ver — Rolga + OL glag = 9 


md ~ goed e g gq 

M, 

za - Log ig D, Cm Vind =0 

Ma 

Slat ~ toa + O,C nVn = 0 (8.70) 
3 

Vai (MV ma + MaVina) — Rata = 0 

Day _ Ia =0 
3 

Q, = 3 Vealea =0 


To study the stability region of the system in all feasible operation regions, the model equations of the 
electrical subsystem are linearized. The output, input and state variables of the system are 


h(x) = L IE a iF X= [Vog Vow tg hai tea Vol (8.71) 
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To define the number of internal dynamics 
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The characteristic equation is defined as a sixth-order equation 
JAI — A| = a,d° + a54% + a44 +a; X +a, +a,A+ay)=0 (8.74) 
Using the Routh—Hurwitz, the criteria for stability is 
a,>0, as >0, ag >0, a,>0, a,>0, a, >0, ao >0 (8.75) 
b, >0, c >0, a; oO: e >0 l 


The parameters of (8.75) are defined using (8.23). After applying the steady-state parameters, the 
system is stable in the whole operation region. 


8.5.2 Zero Dynamics Analysis of PV 


To analyze the zero dynamics of the system, the two inputs and two outputs are 


h(x) = [h Q], U= [M, M4)" (8.76) 
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Differentiating the outputs to define the relative orders, the results are (Figures 8.14—8.17) 
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Figure 8.14 PV output voltage at MPP for different irradiation levels 
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Figure 8.15 PV output current at MPP for different irradiation levels 
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Figure 8.16 Inverter modulation index magnitude at different irradiation levels 
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Figure 8.17 The q-axis capacitor voltage at different irradiation levels 


Therefore, the system has three (n—}/r,) internal dynamics. The dynamic equations of the system in 


nonlinear format are 
X = f(x) + 8 0u + 80u, (8.78) 
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With t(x) given in (8.82), the determinant of the linearized matrix y(x) is not equal to zero, in which 
case all the elements of n(x) are linearly independent. The system equations in the new coordinates are 
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given as 
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To substitute the input variables with the states, the equations of C(x)and W(x) should be defined as 
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For calculation of zero dynamics, the outputs should be set at either zero or their steady-state values. 
Thus, their derivatives will be zero. Therefore, 


e (x) = m? = Tia 


(8.90) 
hy (x) = n’ = Qp ref > m? = 0 


From the above results, during the calculation of zero dynamics 
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and there is no need for their conversion to new coordinates 


a = 2R, Q; set (8.92) 


F, = Lh =-= +o LO - — (8.93) 


| 
G= lih tet] = | = o| (8.94) 
| 


3 Ay5 4 3 ays 0 2R, Q, ref 
C, = [kuh Loh] = - Aa Bg (2 tay 
‘dl ‘dl 


(8.95) 
es [A Lol] = fo -aR 


Controllability Analysis of Renewable Energy Systems 


227 


2a,5n,© E 2Rji 5 


W,, = Leh, = ——— ays 
Lar La ` 
0 
3V {Me ny‘ ) E Vou E a © wa y 3V aq (- +o p) 
1 x2 2 
2 Ly L, L, ae 2L, Ca 7 
R.Q, ref 
W, = L?h, = -oL n © + —= 
G 3V qk ( K 3V ug R, (0) 
g 2L E ~ 7 42 a ON 
g g g 
Aa = ml = Veg _ ae (0) 20,0, ref 
! L, L, L i 3V oq 
0 
A = ay, + ayn, © Ay, Ang” Aysm dyn 
2 = Ay T aa 
2 5) mO mO ny 
go _ tov = Lii ret 
i C, C, 
.(0) 
ñi = ay +a + amO 
(0)? (0) (0) 
a asn 554 ash 
(0) (0) 23 241 25111 263 
MN a>, + azı F 71, + nO 71, mO 
(0) = = i 
Nz = 4s, 
0 a a 
An® 12 13 A (0) 
( 2a,4n, + azs 1 2 a% nı 
Any” = | 4a. + = -— (ay + ayn ® R Asn te Ayn”) —~ || An, 
2 ny (0) n (0) ò 
An? re n , ` An, 
ISI — A| = s(s? + b,s + by) 
bp- (0)? © © 
t= (2 (Ay3 + daio + daso | + daso ) 
20 


(0) 
24 4y4My0) + 12425 ) 


b=- (« a» + 
0 12422 
No” 


(8.96) 


(8.97) 


(8.98) 


(8.99) 


(8.100) 


(8.101) 


228 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


i i 
0.5 0.6 0.7 0.8 0.9 1 
S1 (irradiation level) 


Figure 8.18 Two of the coefficients of the linearized PV zero dynamics characteristics 


The Routh—Hurwitz criteria for the stability of this characteristic equation (Figure 8.18) 
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Therefore, besides one of the characteristic equation poles at origin (S=0), the second coefficient of the 
Routh—Hurwitz criteria (bp) in all operating regions is negative as shown in Figure 8.18. This means that 
the PV system connected to the current source inverter is in non-minimum phase throughout its operation 
region. 


8.6 Conclusions 


This chapter investigated the controllability analysis of a wind-turbine-driven IPM generator interfaced to 
the grid using either an L or LCL filter. The stability regions of the operation based on the MPP tracking of 
the wind turbine and loss minimization of the generator were presented. With the aid of two methods used 
for the extraction of the zero dynamics, it was shown that the generator fitted with the L filter has a stable 
zero dynamics and possesses minimum phase characteristics which ensure that no structural limitation 
is imposed on the design of the controllers. When the generator is grid-interfaced using the LCL filter, 
the zero dynamics is unstable for all operating points, and in the small, the system is in non-minimum 
phase. There is a structural constraint (such as a limited-current regulator bandwidth and response time) 
on any controller to be designed for the system. Also the nonlinear controller design using the method 
of feedback state linearization cannot be applied to the control of the four variables specified of the IPM 
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generator with the LCL filter. Modest dynamic performance can, however, be achieved by using higher 
order controllers and/or high gain observers. 

The steady-state operation region and zero dynamics of the PV source connected to the current source 
inverter were also studied. This system is in non-minimum phase throughout its operation region. 

The controllability analysis for the IPM generator system suggests that the topological structure of the 
interface filter and the controlled variables have significant effects on the phase behavior of the system, 
the agility of any controller used, and hence the static and dynamic performance of the controlled gener- 
ator system. This chapter provides an explanation as to why designing controllers for renewable energy 
systems with LCL interfaces with the grid has continued to be challenging. The appropriate selection of 
controlled variables, stating to be estimated using high-gain observers and using high-order controllers, 
points the way for the design of controllers that will deliver a good static and dynamic performance. 
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9.1 Distributed Power Generation Systems 


In recent years, the electrical power system (EPS) has been subject to a worldwide restructuring process. 
Indeed, deregulation and the advancement of technology have increased interconnection of distributed 
power generation units to the main grid. The constant growth of distributed power generation systems 
(DPGSs) presents an efficient and economical way of generating electric energy closer to the loads. 
Moreover, environmental concerns have encouraged governments and the scientific community to work 
together in order to maximize the use of renewable energy resources. The rating of DPGSs can vary 
between a few kilowatts to as much as 10 MW. 

Various types of new distributed resources, such as microturbines, small hydro cells and fuel cells, in 
addition to the more traditional solar and wind power are creating significant new opportunities for the 
integration of DPGSs into the electricity grid. Voltage source converters (VSCs) employing pulse width 
modulation (PWM) techniques are often used to interface the DPGS to the grid [1, 2]. 

One of the most important issues introduced by the growth of DPGS is the stand-alone operation 
mode. Improvements in power electronic technology make it possible to design DPGSs that can switch 
between grid-connected and stand-alone modes without interruption to the load power supply [3, 4]. The 
stand-alone mode of operation is important in the case of sensitive and critical loads, as it is necessary 
to maintain continuous and uninterrupted AC power during planned or unplanned grid outage condi- 
tions. The IEEE standard 1547.4 states the need for implementing intentional islanding operations of 
DPGSs [5]. Grid-connected DPGSs should comply with the following regulations: 


e regarding the power quality and protection (grid codes) [6], 

e concerning the performance of DPGSs, such as energy efficiency and electromagnetic compatibility 
and 

e concerning safety. 
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During grid-connected operation, all DPGSs should operate in accordance with IEEE Standard 
1547-2003 [7]. The requirements should be met at the point-of-common coupling (PCC), where 
monitoring and control equipment would be necessary to control islanding operations and to implement 
the transition from normal operational mode to islanding mode and back. 

The term stand-alone DPGS, sometimes referred to as microgrids, is used to refer to intentional island- 
ing in electric power systems that contain distributed resources and loads [8]. Stand-alone DPGSs present 
the following characteristics: 


to have distributed energy resources and loads 

to have the ability to disconnect from and parallel with the main grid 
to include some portions of the EPS 

are intentionally planned 


The islanded DPGS needs to be designed to meet the active and reactive power requirements of the 
loads within the island. The microgrid should also provide frequency stability and operate within the 
specified voltage ranges during all expected load and resource changes. During the island mode condition, 
transient stability should be maintained for load steps, DPGS outage and island faults. All faults must be 
cleared within the island. 

For the reconnection of the islanded DPGS to the grid, monitoring should indicate that the proper con- 
ditions exist for synchronizing the island with the grid. The amplitude, frequency and phase displacement 
between the two system voltages should be within acceptable limits in order to initiate a reconnection. 


9.1.1  Single-Stage Photovoltaic Systems 


In the power range of a few kilowatts, the single-stage transformerless power converter seems to be the 
best choice to achieve low cost and high efficiency. Small power, high-efficiency and high-reliability 
single-stage photovoltaic systems (PVSs) bring new control challenges; one of the most important being 
the interaction with the utility grid. Consequently, grid interconnection requirements, which apply to 
PVS distributed power generation, are continuously updated in order to maintain the power quality and 
the stability of the utility grid. The demanding international standards allow strict limits for the current 
total harmonic distortion (THD) factor [9, 7], which can be met by using inverters that feature not only 
reduced harmonic production, but also are controlled, in order to provide rejection capability with respect 
to the grid background distortion. For this purpose, current control is pivotal [10, 11]. Regarding the PV 
array side, a maximum power point tracker (MPPT) algorithm should be used in order to collect the 
maximum available power at every operating point, because solar radiation and temperature influence 
the characteristics of the PV modules [12]. Typical PVS control issues can be divided into two main parts: 
basic and ancillary. The basic control comprises mainly the maximum power extraction algorithm, PVS 
harmonic rejection capability and unity power factor (both fulfilled through current control) and island- 
ing detection capability in order to stop the power production of the PVS in case of abnormal conditions. 
PVSs connected to low-voltage distribution grids might be designed to comply with the requirements of 
these standards, but they should also be designed to enhance the electrical system by providing “ancil- 
lary services”, such as voltage and frequency support provided to local loads [13, 14] or to the electric 
power system [15]. In addition, PV inverters can be usefully adopted as reactive service providers within 
distribution grids. The injection of reactive power into the grid can enhance the voltage profile, which con- 
tributes to reinforcing the distribution grid, maintaining proper quality of supply and avoiding additional 
investment. This gives some measure of how much the perspective of PVSs has changed in recent years, 
especially in comparison with studies published in the past, which have suggested limits to the maximum 
level of PVS penetration, in order to prevent potential problems, such as voltage rise and false trips [16]. 
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Figure 9.1 General structure of a DPGS 


The general structure of a PVS comprises the power circuit and the control unit. Considering the power 
circuit, the converter can be a single-stage converter (DC-AC converter), as shown in Figure 9.1, or a 
double-stage converter (e.g., DC-DC and DC-AC converter) with or without galvanic isolation. The 
advantages of the single-stage converters are good efficiency, a lower price and an easier implementa- 
tion [17]. The output filter is used in order to cut off the switching ripple. The current/voltage control 
reference signal is provided by the input power control, which comprises an MPPT algorithm and a DC 
voltage controller. 


9.1.2 Small/Medium-Sized Wind Turbine Systems 


Among the different sources, small/medium-sized wind turbines (power unit <200 kW) might be the pre- 
ferred solution immediately outside residential areas, in order to limit the visual impact on the landscape 
and yet maintain profitability. In the power range of a few tens of kilowatts, the small wind turbine system 
(WTS) market segmentation shows that the maximum number of manufacturers in Europe corresponds 
to stand-alone wind applications with a maximum wind turbine size of 20 kW, but that the average rate 
of wind penetration is a maximum in the pumping field. It is possible to observe that the maximum wind 
turbine size increases in the case of wind—diesel systems with batteries for stand-alone operation. 

The field of small generation has been dominated by the use of asynchronous generators connected 
directly to the grid/load and more recently by permanent magnet synchronous generators (PMSGs) with 
a diode rectifier, boost converter and inverter. The use of a high number of pole pairs allows the PMSGs 
to operate at low speed without decreasing efficiency, thus avoiding the necessity for a gearbox [18]. 
The use of a diode bridge reduces both cost and the complexity of the control algorithm. Moreover, the 
well-known six-pulse DC-voltage waveform allows an easy estimation of the rotor speed. The generator 
low-frequency harmonics (fifth and seventh) can be reduced because of the DC inductor, but, unfortu- 
nately, this has a negative effect on the power factor. Moreover, the extracted power decreases as the 
wind speed increases, owing to the major effect of diode commutation and at low speeds, owing to the 
possible discontinuous operation of the DC-DC converter. Hence, for power levels of the order of tens of 
kilowatts, these generators will use a back-to-back converter leading to 5-15% more power with respect 
to the case of a diode bridge AC-DC power conversion stage. 
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Figure 9.2 Wind turbine system with back-to-back converter [19] 


On the generator side, there are two main issues present. First, the tracking of the maximum power 
without using an anemometer, which might not be present in this power range or could give erroneous 
values owing to shadow effects and second, the estimation of the rotor position and speed, because the 
use of a sensor is not always practical as the converter is placed outside the nacelle. As these WTSs are 
often integrated in rural areas characterized by weak-grid connections, it might be necessary to regulate 
the reactive power supplied by a variable-speed wind turbine. 

Figure 9.2 shows a PMSG connected to the grid through a bidirectional converter. It consists of two 
voltage source PWM converters connected by a storage capacitor; the converter connected to the gener- 
ator is used as a rectifier, whereas the converter connected to the grid is used as an inverter. To achieve 
full control of the output, the DC-link voltage must be boosted to a level higher than the amplitude of 
the grid voltage. The power flow of the grid-side converter is controlled in order to maintain the DC-link 
voltage constant, while the control of the generator side is set to suit the magnetization demand and the 
reference speed or torque. A technical advantage of this topology is the capacitor decoupling between 
the grid converter and the generator converter. In addition to affording some protection, this decoupling 
offers separate control of the two converters, allowing independent compensation of asymmetry on both 
the generator side and the grid side. 


9.1.3. Overview of the Control Structure 


The general structure of a DPGS consists of a power circuit and a control unit, as shown in Figure 9.3. 
The power circuit comprises the following: 


e the input power source (e.g., PV source or the wind generator plus the rectifier in the case of a small 
power wind turbine); 

e the converter, which can be just a single-stage converter (e.g., DC—AC converter), or it can represent 
the second power conversion stage in the case of a double-stage converter (e.g., DC-DC plus DC-AC 
converter with or without galvanic isolation, or AC-DC plus DC-AC); 

e an output filter in order to cut off the switching ripple; 

e energy storage; 

e the local loads. 
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The DPGS can be connected to local loads and/or to the main electrical grid, or it can be connected to 
other DPGSs. 

The converter control system should be capable of providing flexible operation. The control unit com- 
prises different control loops: the AC current loop, the AC voltage loop and the power control loop. 

The inner current control loop is necessary in order to have close control on the injected current, to 
force the voltage source inverter to work as a current source within the current control bandwidth. The 
current control ensures that the inverter current is free from low-order harmonic distortion. However, the 
high-frequency current distortion owing to the switching frequency must be attenuated with an AC-side 
filter, in order to cope with the power quality standards for connection of an inverter to the grid. The 
current control loop is necessary in both grid-connected and stand-alone operational modes. 

The voltage control is strictly necessary in stand-alone operational modes because it is responsible 
for maintaining the voltage profile and guaranteeing the voltage quality in the case of sensitive loads. 
Voltage control can also be performed in the case of grid-connected operations to regulate the voltage at 
the PCC and to support the voltage profile if the stiffness of the grid is low. The power control provides 
the reference voltage amplitude and frequency for the inner loop according to the droop characteristic, 
which emulates the operation of a high-power plant. 

In microgrid operational mode, the power control loop is essential; hence, at least a three-level con- 
trol system should be performed where the power control loop should take care of load sharing among 
the different units and the inner voltage loop provides the reference for the current control loop. Both 
the voltage and the current control loops should provide enough damping for the output LCL filter. The 
general structure of a grid-connected DPGS is shown in Figure 9.3. The power circuit comprises the 
following: 


the input power source; 

the converter; 

an output filter in order to cut off the switching ripple; 
the local loads. 


For simplicity, the storage system is omitted in this representation because it is beyond the scope of 
the analysis. A synchronization unit is always present in the system. Inside this unit, information about 
the phase angle, the amplitude and the frequency of the utility voltage is used for islanding detection and 
protection in the case of over/under voltage (OUV) or over/under frequency (OUF). 
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Figure 9.3 Control structure of a grid-connected DPGS 
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9.1.3.1 AC Current and Voltage Control 


The basic control of a DPGS could be different in grid-connected mode compared with the stand-alone 
mode. In grid-connected mode, the DPGS is generally current controlled and delivers a pre-specified 
amount of active power into the distribution network. This derives from the fact that traditionally DPGSs 
are treated as “non-dispatchable” resources, which implies a traditional implementation of the d-q con- 
trol strategy based on zero q-axis current reference. In stand-alone operational mode, or when forming 
a microgrid, the DPGSs are voltage controlled and are responsible for both voltage and power control. 
However, for the cases of both grid-connected and stand-alone operational modes, the basic control struc- 
ture can be the same if using a cascade loop control. In this, the outer loop is the converter voltage control, 
based on a PI regulator and it provides the current reference for the inner loop; this could also be based 
on a PI, but it controls the LC filter current (i, ç) and it determines the voltage references (Vpy,,) for the 
PWM module. The scheme of the primary control system is shown in Figure 9.4, which includes decou- 
pling terms compensating for the coupling of the d-q dynamics, and feedforward terms used to improve 
transient performance [20]. It should be noted that the tuning of the current and voltage loop controllers 
demands special attention in order to fulfill the faster dynamics of the current inner loop with respect to 
the voltage loop. 

It should be considered that the IEC 61727 and the IEEE 1547 standards allow a current THD limit of 
5%. This requirement can be fulfilled if the adopted current controllers exhibit high rejection capability 
to the grid background distortion. In case the design of the current control is based on the internal model 
principle (IMP), the model of the harmonic disturbances is included in the controller structure in order 
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Figure 9.4 DPGS basic control system (i,, and isq are, respectively, the d and q-axis components of the grid 
current i,) [21] 
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to achieve high harmonic rejection capability. Among the controllers based on IMP, both resonant and 
repetitive controllers provide suitable results for DPGS applications. 

In the case of three-phase systems, the control system based on IMP can be easily designed in the 
d-q reference frame, adding a harmonic compensator t to the conventional d-q PI controller in order to 
compensate some selected harmonics and improve power quality performance: 


s 
9= È k= 2-1) 
h=h; hg, ... hy st (ho)? 

In the case of single-phase systems, the use of the d-q reference frame is not desirable. Here, the reso- 
nant controller based on IMP guarantees zero steady-state errors in the presence of a sinusoidal current 
reference. The resonant controller consists of a proportional controller plus a generalized integrator (GI): 


s 

Copes(S) = k, T ki s2 + w? (9.2) 
where s/(s? + œ°) is the GI and @ is the resonance frequency. The reference tracking is ensured by 
setting the resonance frequency of the GI equal to the fundamental frequency. Similar performances can 
be reached using the repetitive controller instead of the resonant controller [10]. 


9.1.3.2 Synchronization Techniques 


Synchronization is one of the most important issues in the control of power electronics equipment 
connected to the grid. The rapid development of DPGSs has resulted in the reformulation of the grid con- 
nection requirements (GCRs). The objectives of the grid codes are to ensure efficient and reliable power 
generation and transmission and to regulate the rights and responsibilities of the entities acting in the 
electricity sector. Hence, the requirements specify relevant voltage and frequency operating ranges and 
the corresponding trip times. In addition, requirements concerning the active power and reactive power 
are taken into account, which determine the control capabilities under various fault situations [22]. 

The phase-locked loop (PLL) technique is used in grid-connected DPGS applications for grid synchro- 
nization and for grid voltage monitoring [23]. The conventional strategy for phase locking is to estimate 
the difference between the phase angle of the input signal and that of the output signal and to regulate this 
value to zero by means of a control loop. The phase difference evaluation is in charge of a phase detec- 
tor (PD) and is passed through a loop filter (LF) to generate an error signal driving a voltage-controlled 
oscillator (VCO). Numerous methods for grid synchronization and grid voltage monitoring have been 
presented in the literature regarding DPGSs. The main difference among the different PLL methods is 
the configuration of the PD. In particular, the PD structure of the Synchronous Reference Frame-PLL 
(SRF-PLL) consists of a shift of 90° with respect to the input signal fundamental frequency in order to 
obtain an orthogonal system. The enhanced phase-locked loop (EPLL) presents a band-pass adaptive 
filter (BPAF) to estimate the phase error [24]. The second-order generalized integrator PLL (SOGI-PLL) 
is based on frequency-adaptive quadrature signal generation by means of the second-order generalized 
integrator-quadrature signal generator (SOGI-QSG) filter. 

The tracking techniques have to provide the following: 


robustness with respect to noise, stationary and transient disturbances; 

the capability to follow amplitude variations of the grid voltage in case of voltage sags; 
accurate performance in case of grid-voltage frequency variations; 

high filtering performance in case of harmonics distortions; 

easy analog/digital and hardware/software implementations. 


A set of in-quadrature signals, obtained by means of a transport delay block introducing a phase shift of 
90°, is used in the SRF-PLL. The QSG based on this transport delay gives rise to errors if the grid-voltage 
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frequency changes with respect to its rated value. In addition, it does not provide any filtering capability; 
hence, the presence of harmonics in the grid voltage acts as a perturbation for the PLL. 

In contrast, the EPLL is based on a frequency-adaptive nonlinear synchronization approach [24]. The 
structure of the EPLL (Figure 9.5) consists of the BPAF, the LF and the VCO. The adaptive filter can be 
implemented as either a notch or a band-pass filter. 

A SOGI-QSG filter is used in the SOGI-PLL structure to obtain a frequency-adaptive quadrature signal 
generation (Figure 9.6). The transfer function of the adaptive filter based on SOGI is 


SMo 


Gsoar(5) = (9.3) 


s + o 

As output signals, two sine waves (v’ and qv’) with a phase shift of 90° are generated. The component 
v’ has the same phase and magnitude of the input signal (v) fundamental component. The tuning of the 
proposed scheme is frequency dependent; thus, problems occur when grid frequency has fluctuations. 
Consequently, an adaptive tuning of the structure with respect to its resonance frequency is required. 
Therefore, the resonance frequency value of the SOGI is adjusted by the provided frequency of the PLL. 
High filtering capability can be obtained by setting the gain k high. If k decreases, the band of the filter 
becomes narrower, but, at the same time, the dynamic response of the system becomes slower. 
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In three-phase systems, the amplitude and phase angle of the positive-sequence voltage is used for the 
synchronization of the converter output variables and power flux calculations, or for the transformation 
of state variables into rotating reference frames. Regarding the technique used for grid monitoring, the 
amplitude and the phase of the positive-sequence component must be obtained quickly and accurately, 
even if the grid voltage is distorted and unbalanced. For three-phase systems, the synchronization tech- 
nique based on SOGI is called “dual second-order generalized integrator PLL” (DSOGI-PLL). A dual 
SOGI-based QSG is used for filtering and obtaining the 90° shifted versions from the af voltages. These 
signals act as inputs to the positive sequence calculator (PSC), which lies in the instantaneous symmet- 
rical components (ISC) method on the af domain: 


v 


a+ 
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= Va Vh 
ee | ' 
Vy = Wa + Vp (9.4) 


Finally, the positive-sequence af voltages are translated to the d-q synchronous reference frame and 
an SRF-PLL is employed to make the system frequency adaptive. In the system presented in Figure 9.7, 
the feedback loop regulating the q component to zero controls the angular position of the d-q reference 
frame and estimates the grid frequency. The estimated grid frequency œ’ is used by the outer feedback 
loop to adapt dynamically the DSOGI-QSG resonant frequency. 


9.1.3.3 Islanding Detection Methods 


Unintentional islanding of grid-connected inverter-based DPGSs can result in damage to local electri- 
cal loads, the grid-connected inverter and/or technicians during maintenance operations. Consequently, 
DPGSs must be operated properly when this condition occurs. Two main approaches can be employed: 
grid-level or inverter-side detection. In the first case, a communication system is required in order to man- 
age the islanding condition properly, which increases both the system complexity and cost. In the second 
case, the controller of the grid-connected DPGS detects the islanding operation mode and acts properly 
on the inverter. The latter method can be divided into four categories: passive inverter-resident methods, 
active inverter-resident methods, active methods not resident in the inverter and methods based on the use 
of communications between the utility and PV inverter. Moreover, it is possible that utility breakers or 
circuit reclosers could reconnect the island to the utility system when out of phase, consequently causing 
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an overcurrent and trip out of the system. According to this scheme, the non-detection zone (NDZ) is the 
range of local loads inside the potential island, in which the islanding detection scheme under test fails 
to detect the islanding. Each detection method presents a different NDZ, and for this reason, the NDZ 
could be used as a performance index to evaluate the different anti-islanding algorithms. The aim of all 
islanding detection methods is to reduce the NDZ to near zero when detecting islanding in all cases. 

Grid-level methods allow the islanding conditions to be detected accurately, but depending on the 
number of DPGSs and on the grid-voltage level, the number and price of sensors, communication equip- 
ment and the management complexity can vary. Consequently, inverter-resident solutions are commonly 
employed in cases where DPGSs are connected to low-voltage electrical grids. 


Over/under Voltage (OUV) and over/under Frequency (OUF) method 

All grid-connected DPGS inverters are required to have an OUF and OUV protection that causes the 
PV inverter to cease supplying power to the utility grid if the values in the PCC are different from set 
values. The behavior of the system at the time of utility disconnection will depend on the power provided 
at the instant before the switch opens to form an island. If the resonant frequency of the **RLC load is 
the same as the grid line frequency, the linear load does not absorb the reactive power. Active power is 
directly proportional to the voltage. After the disconnection, the load power and the power provided by 
the DPGS might coincide; hence, the voltage changes into 


V=K-V (9.5) 
where 
P 
K= a (9.6) 


load 


and Ppg denotes the DPGS power and P oag 1s the load power. When Pp, > Pioag there is an increase in 
the voltage amplitude and, conversely, when Py, < P oag there is a decrease in the amplitude. At the same 
time, reactive power is tied up to the frequency and amplitude of the voltage [25, 26]. 

The worst case for islanding detection is represented by a condition of balance of the active and reactive 
powers, which results in no change of amplitude and frequency, that is, AP=0 and AQ=0. It is straight- 
forward that a small AP results in an insufficient change in voltage amplitude, and that a small AQ results 
in an inadequate change in frequency to disconnect the system and prevent islanding. It is possible to 
calculate the NDZ area from the mismatches of active and reactive powers and by setting the threshold 
values for the frequency and the amplitude. It should be noted that the probability that AP and AQ fall 
into the NDZ of OUV/OUF could be significant. Because of this concern, the OUV and OUF protective 
devices are generally considered insufficient anti-islanding protection. 


Voltage Harmonic Monitoring Method 

The voltage at the PCC during normal conditions is controlled by the grid, but in the case of islanding, 
the DPGS inverter controls the PCC voltage and the amplitude of the single harmonic on the RLC load 
change. Hence, monitoring the voltage harmonic distortion can be useful in detecting the occurrence 
of an islanding condition. The voltage harmonic monitoring method is based on the measurement of 
harmonics through the THD of the PCC voltage or on the measurement of the highest harmonic. In real 
power systems, a significant harmonic distortion of the PCC voltage allows the islanding condition to be 
revealed. It must be considered that the magnitude of the measured PCC voltage harmonics depends on 
the grid impedance; thus, it is not always possible to select a trip threshold that provides reliable islanding 
protection. 


Grid Impedance Change Detection Method 
The European standard EN50330-1 describes an active method for islanding detection consisting of 
monitoring grid impedance changes during islanding transients called ENS or MSD (abbreviations of the 
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main monitoring units with allocated all-pole switching devices). The impedance measurement with the 
OUV and OUF protection is adopted in Germany and Austria in the standard DIN VDE0126. To be able 
to complete a measurement of impedance, a dedicated external device can be used, or it is possible to 
include it in the inverter control. The goal is to isolate the supply within 5 s after a change of impedance 
AZ = 0.5 Q owing to a grid failure [27]. 

Typically, a small current at a certain harmonic order (h) is injected into the utility by the device to 
determine the impedance: 


2 V . e% : 
= = . edz 
Z = To oii Z, (9.7) 
or o 
Z, = R, +jo,L, (9.8) 


The disadvantage of this method is the increase in the harmonic pollution-injected online by the 
inverter. To be able to limit this drawback, it is recommended to inject the current harmonic or interhar- 
monic only for the time needed for the numerical elaboration of the data. Moreover, if many converters 
are connected in parallel, a contemporary injection could cause problems for both the effectiveness of the 
method and the power quality with consequent problems for the control and the stability of the system. 


Active and Reactive Power Variation Methods 

Figure 9.8 shows the control of a DPGS inverter with the islanding detection method based on active 
and reactive power injection. This method is applied to PV systems. When the inverter is connected 
to the grid, active power variations AP can happen, while it is assumed that the load absorbs constant 
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Figure 9.8 Active (a) and reactive (b) power variation islanding detection methods [26] 
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power P,,,y- In an islanding condition, the real power variation flows directly in the load, affecting the 
inverter current and the voltage in the PCC. It is possible to calculate the voltage variation versus the 
active power variation injected by the inverter in the load during the islanding condition: 


y2 
Pog = Pioaa = R (9.9) 
V=Ẹ4R: Pog (9.10) 


Deriving Ppg and from (9.10): 
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The voltage variation is expressed by 


4) —— (9.12) 
2 Pog 

Hence, it is possible to vary the inverter’s active power to carry the voltage amplitude out from the nor- 
mal range of operation, and the method works just when the voltage variation exceeds a certain threshold 
value. The intervention time of the algorithm can be adjusted by the gain K,,, which increases or decreases 
the power dP proportionally to the measured voltage variation. Hence, the power variation is equal to 


dP = K, - (V — V,) (9.13) 


Similarly, it is possible to use the strong dependence between the frequency and the reactive power 
to develop another islanding detection method, measuring the grid voltage frequency via the monitoring 
PLL. The difference is amplified by means of a gain, providing that the reactive power dQ is 


dQ =K: hP) (9.14) 


Other Inverter-Resident Active Methods 

Other islanding detection methods based on the perturbations of the system with the objective of carrying 
the electrical island instability have been developed in recent years [28]. One of these is called Sandia 
voltage shift (SVS) and it applies positive feedback to the amplitude of the voltage at the PCC (usually 
this is the RMS value that is measured in practice). Slip-mode frequency shift (SMS) is another method 
in which the current—voltage phase angle of the inverter, instead of always being controlled to be zero, 
is made to be a function of the frequency of the voltage at the PCC. The phase-response curve of the 
inverter is designed such that the phase of the inverter increases faster than the phase of the (RLC) load 
with a unity-power factor in the region near the utility frequency. 

The active frequency drift method (AFD) operates with a waveform of the current injected by the 
inverter, which is slightly distorted such that there is a continuous trend to change the frequency. Hence, 
in an islanding condition, the frequency of the voltage at the PCC is forced to drift upward or downward. 
It is possible to define the chopping factor for the AFD: 


2T, 
T 


cf 


(9.15) 


where T, is the zero time of the AFD signal and T is the period of the grid voltage. 
In contrast, Sandia frequency shift (SFS) applies positive feedback to the frequency, and the chopping 
factor for this method is 
cf = cfo + K(f — fa) (9.16) 
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Table 9.1 Equation for active methods: SMS, AFD and SFS 


Methods Phase criterion 
SMS tan7! [R (oc = = )| = —arg(G(jo)) 
=j 1 _ wef 
AFD tan [R (oc- =) =z 
SFS tan™! [r (oc- Z) = TOHEA) 
æL 2 


where K is the acceleration gain, cf, is the chopping factor when there is no frequency error and f — f, is 
the difference between the estimated frequency and nominal value. The SMS, AFD and SFS functions 
are given in Table 9.1. 


9.2 Control of Power Converters for Grid-Interactive Distributed 
Power Generation Systems 


Grid-interactive microgrids are becoming an increasingly attractive structure for the proposal of an active 
distribution grid. A microgrid can be conceived as a cluster of interconnected DPGS load and energy 
storage units coordinated in order to be treated collectively as a single controllable device [2, 17]. A pre- 
liminary analysis of the general structure of a single DPGS unit has been provided already in earlier 
sections, and the main control issues have been investigated. Thus, the focus is shifted to the problem 
of the DPGS power management, which represents the key point toward a “universal” operation of the 
DPGS. The goal is to allow the DPGS operation in the case of stand-alone, grid-connected and microgrid 
conditions by managing the disconnection and reconnection without substantial changes of the system 
control structure. 

The basic microgrid architecture is shown in Figure 9.9, in which the components can be physically 
close to each other or distributed geographically, and where the loads may be critical or noncritical. 
Critical loads require reliable energy sources and demand stringent power quality. In the case of 
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Figure 9.9 Basic microgrid architecture [29] 
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grid-connected operation, the static transfer switch (STS) is closed and each DPGS unit generates 
fixed active and reactive powers, according to the dispatched references, or according to the tracking 
of the maximum power that can be extracted from the source. In the case of stand-alone operation, the 
DPGS units should supply loads providing power sharing in accordance with the respective ratings and 
achieving power balance between production and consumption. 

To date, DPGS power converters have been required to change their control structure with respect 
to grid-connected operation and stand-alone operation, because in the past, DPGSs were conceived as 
current source devices in the first case and as voltage source devices in the second. In this hypothesis, a 
current control loop is present in both cases, but for stand-alone operation, the voltage across the capacitor 
of the grid filter might also be controlled. As already stated in Section 9.1.3.1, the voltage control can 
offer a good trade-off performance in all operational modes. In particular, in grid-connected operation, the 
control of the voltage allows strict regulation of the voltage at the PCC and support of the voltage applied 
to the local loads in the case of voltage sags. In the cases of stand-alone and microgrid operational modes, 
the power converter’s control is only responsible for the voltage regulation, because the grid is absent 
and the control system may guarantee high performance in terms of voltage profile and fast recovery in 
the case of load transients. Hence, proper operation of the microgrid in all operating conditions requires 
an accurate power flow management and the implementation of voltage regulation algorithms. 

Two control approaches can be followed to realize the abovementioned objective, which are 
non-communication-based control and communication-based control. Communication-based control of 
a microgrid relies on the exchange of control information among the different DPGSs. This technique 
requires a centralized microgrid controller, which receives information from each DPGS and loads 
the DPGS units at different load conditions. There are many drawbacks in the communication-based 
approach. The high-bandwidth communication infrastructure necessary to share the dynamic sharing 
information is an impractical and costly solution in microgrids with long connection distances between 
inverters and the need to distribute control signals reduces the reliability of the microgrid system, where 
the control information is critical for proper operation of the DPGSs. 

The implemented control algorithms should preferably have no communication links between the par- 
alleled DPGSs. The control algorithms of each individual DPGS should be designed to use only feedback 
variables that can be measured locally. A simple non-communication-based power control can be real- 
ized in the sense of the frequency and voltage droop method. This concept stems from power theory, in 
which a generator connected to the grid droops its frequency when the power required increases. Each 
DPGS shares the active power by drooping the voltage frequency according to the total load demand in 
a manner determined by its frequency droop characteristic, and essentially utilizes the voltage frequency 
as a communication link between the DPGS control systems. Similarly, a drop in the voltage magnitude 
with the reactive power is used to ensure reactive power sharing. This control technique is known as the 
“droop method.” 


9.2.1 Droop Control 


Figure 9.9 shows a microgrid composed of different types of resources, such as solar panels, fuel cells 
and wind turbines. Every unit has an inverter as an interface connected to the common bus through a 
cable that can be modeled as an impedance, as shown in Figure 9.10. 

The active and reactive power flows from an inverter to the grid can be expressed as follows: 


P= 5 [(EV cos ¢ — E?) cos 0 + EV sing sin 0] (9.17) 


Q = 5 [(EV cos = £?) sin 0 — EV sin $ cos 6] (9.18) 


where V is the amplitude of the inverter output voltage, E is the amplitude of the common bus voltage, 
¢ is the converter voltage angle and Z and @ are the magnitude and phase of the output impedance, 
respectively. 
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Figure 9.10 Equivalent circuit of an inverter connected to a bus [30] 


Assuming that the output impedance is purely inductive X > R, then R can be neglected. 
Consequently, (9.17) and (9.18) can be rewritten as 
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P= — 9.19 
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Considering that angle ¢ is small, then sin ġ ~ ¢ and cos @ ~ 1 and thus, (9.19) and (9.20) become 


Q= = cos ġ — (9.20) 
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where X is the output impedance at the fundamental frequency. From these equations, it is possible to 
deduce that the active power can be regulated by acting on the phase @, whereas the reactive power can 
be regulated by controlling the converter voltage amplitude V. 

These conclusions form the basis of droop control. The droop method uses the frequency instead of the 
phase to control active power flow. This is because the DPGS unit does not know the initial phase value 
of the PCC voltage, whereas the initial frequency at no load can be easily fixed. Hence, the conventional 
droop method can be expressed as follows: 


o=a*— m,(P — P*) (9.23) 
V=V*—n,(Q- 9") (9.24) 


where w* and V * are the rated frequency and voltage, P* and Q* are the set points for active and reactive 
powers and m, and n, are the proportional coefficients. 

The frequency and voltage control characteristics are shown in Figure 9.11. 

The output inductance of inverter X should be selected properly. In fact, increasing the output 
impedance reduces the circulating current produced by the differences between the power lines or 
between the DPGS parameters, such as the output filter parameters or the frequency and amplitude set 
point. 
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Figure 9.11 Frequency and voltage droop characteristics 


246 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


Linear 
: + 
region œ; 
i 
i 


Unstable 


T 
2 


Figure 9.12 Effect of increasing the output inductance on the active power 


As shown in Figure 9.12, increasing X also reduces the maximum active power that can be injected, 
whereas decreasing the output impedance forces angle ¢ to become smaller: 


$ = sin (=) (9.25) 


Thus, there is a trade-off in the output impedance design. 

In the case of a low-voltage microgrid, the line resistance cannot be neglected. In this case, the droop 
regulation described by (9.21) and (9.22) is no longer effective [31]. Controlling the power flow based 
on Equations (9.17) and (9.18) will introduce coupling and the real power, and reactive power will no 
longer be regulated independently, but if Z = R and 6 =0, then 


P==(V-5) (9.26) 
X 

EV 
= — 9.27 
o=—% (9.27) 

Hence, P and Q exchange their roles: 

wo = œ* —m'(Q- Q*) (9.28) 
V=V*-n'(P-P*) (9.29) 


Consequently, a control scheme based on the P-@ and Q-V droops can be used for inductive impedance, 
whereas P-V and Q-œ droops can be used in cases of resistive impedance. In order to introduce decoupling 
between the active and reactive powers for every line impedance condition, it is possible to use a frame 
transformation matrix T to modify the active and reactive powers P and Q in Po and Qç: 
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a = atan(X/R) (9.31) 
Applying this transformation on (9.19) and (9.20) results in 
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Figure 9.13 Influence of active and reactive powers on voltage and frequency for different line impedance ratios 


The definition of Po and Qo permits independent influence on the grid frequency and amplitude 
(Figure 9.13). In order to obtain Po and Qç, it is sufficient to know the ratio R/X, even if, unfortunately, 
the transformation frame depends on the accuracy of the impedance knowledge. 


9.2.2 Power Control in Microgrids 


Based on droop control theory, the power management strategy of a DPGS might work both in grid- 
connected and in island modes with a minimum number of changes required in the control structure when 
moving between the different operational modes, and it might also guarantee a fast-transient response. 


9.2.2.1 Power Control in Grid-Connected Operational Mode 


In the grid-connected operational mode, each DPGS unit forming the microgrid or directly connected to 
the main electrical grid generates fixed active and reactive powers, according to the dispatched references, 
or as a consequence of tracking the maximum power that can be extracted from the source. The DPGS 
operates as a controlled current source and all loads are fed by the utility. 

The difference between real-time active/reactive power and the rating active/reactive power of each 
unit is regulated according to the relations: 


w= 0,- mP- P*) (9.34) 
P=F-n | (0-0) + + fo- Q*)de (9.35) 
iQ 


where œ, and E are the frequency and amplitude voltage references provided by a PLL that monitors the 
PCC voltage, P* and Q* are the active and reactive power reference values, m, and n, are the frequency 
and voltage proportional coefficients, respectively and Tg is the integral time-constant reactive power 
controller. 

The active power controller is designed to dispatch the active power P* at the grid frequency œ, when 
operating in a grid-connected mode. A PI controller has been considered for the reactive power regulation, 
forcing the DPGS reactive power output to its desired value with zero-steady-state error. 
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Figure 9.14 Active and reactive powers of a DPGS in the case of a step variation of the active power reference with 
(a) and without (b) the implementation of the decoupling transformation matrix 


The active and reactive powers of the DPGS, both with and without the implementation of the decou- 
pling transformation matrix, are shown in Figure 9.14. It is possible to notice that the settling time is about 
1 s in the first case and about 2 s in the second case. The implementation of the decoupling transformation 
matrix makes the response more damped with a reduced settling time, as can be seen in Figure 9.15 for 
the output current. The output current increases with a smooth transient, maintaining the voltage and the 
frequency within the limits. 

In the case of load variation, it is possible to observe that the active and reactive powers are not influ- 
enced (Figure 9.16) because the grid absorbs the power overproduction. 


9.2.2.2 Power Control in Stand-Alone Mode 


During stand-alone operation, the DPGSs supply the loads, sharing the total load demand according 
to the units’ respective ratings, with the aim of achieving a perfect balance between production and 
consumption. Active and reactive powers might be modified depending on the load demand [32] and 
according to the following equations: 


@ = Dy — Misana (P — Pmax) (9.36) 
Vv E Vas = Nistana(Q — Qmax) (9.37) 


where and @, are the phase and amplitude voltage references set to nominal values, Puax and Omax 
are the maximum active and reactive powers that the DPGSs can supply. 

A “supervisory command” (SC) signal is used in the power control, as shown in Figure 9.17, to switch 
between grid-connected and stand-alone operations. The outputs of the control system are the voltage 
and frequency references for the DPGS voltage control. In the case of load power increment, the active 
power provided by the system matches the load demand with a fast and smooth transient, maintaining 
the voltage and the frequency within the limits (Figure 9.18). 


9.2.2.3 Transition between the Different Operational Modes 


During the island-mode operation, the DPGS can work at a frequency different from that of the main grid; 
however, consequently, the DPGS cannot be connected to the grid if the phase difference is non-negligible 
because it could lead to a high overcurrent, damaging the system or compromising stability [34]. To avoid 
an out-of-phase reclose, a synchronization that assures smooth transitions and unnoticeable transients 
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Figure 9.15 PCC voltage and output current in the case of a step variation of the active power reference with (a) 


and without (b) the implementation of the decoupling transformation matrix 
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Figure 9.16 Load variation in grid-connected operational mode: (a) active and reactive powers and (b) load voltage 
and current 


is needed. The synchronization system can be based on the comparison of the angle and amplitude infor- 
mation obtained by a PLL, as shown in Figure 9.19, and related to the grid voltage v, and the DPGS 
voltage v,. Two buffers are employed for monitoring the phase and amplitude errors in order that when 
they are lower than certain thresholds, the output signal S indicates that the synchronization can be car- 
ried out and this signal coordinates the STS. The state of the STS determines the operational mode of 
the DPGS, that is, grid-connected mode or stand-alone mode. 
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Figure 9.17 Power control based on droop control [33] 
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In order to define the voltage reference, verify the performance and decide on the reconnection instant: 
sequence detectors DSOGI-QSG and SFR-PLLs are used, as detailed in Section 9.1.3.2. The voltage 
reference of the DPGS converter is configured with the fundamental frequency-positive sequence (FFPS) 
in order to obtain a signal free of harmonics and unbalanced components. The choice of DSOGI-QSG 
relies on the best harmonic rejection performance with respect to the other techniques. 

If the DPGS works in stand-alone mode, the problem of synchronization disappears in the case of grid 
failure; it is just when the main utility voltage is restored in the PCC that the synchronization system may 
be enabled to operating a proper connection. 
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Figure 9.18 Load variation in island operational mode: (a) active and reactive powers, (b) PCC voltage amplitude 
and frequency and (c) load voltage and current 
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Figure 9.18 (continued) 
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Figure 9.19 Transition between the different operational modes and synchronization system 


9.2.3. Control Design Parameters 


The DPGS dynamic model and the stability analysis are necessary to design properly the P-w and Q-V 
control characteristics for both grid-connected and island operational modes. By modeling the inverter 
control structure with three control loops: a power-sharing control loop used to generate the amplitude 
and frequency of reference voltage; a voltage control loop based on a P-resonant controller providing 
the reference current for the innermost loop; and a P-resonant current controller, which determines the 
voltage reference for the PWM module (Figure 9.20), the stability analysis can be performed to design 
the controller parameters in the grid-connected operational mode. The outer power control loop should 
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Figure 9.20 Multiloop control strategy of the DPGS 


be designed with much lower bandwidth with respect to the two internal loops. The average P, can be 
obtained by multiplying the output voltage v, by the output current 7, and filtering the product using 
a low-pass filter. The average reactive power Q, is obtained by delaying the output voltage by 90° and 
using a low-pass filter. 
The low-pass filter is a second-order Butterworth filter, whose cut-off frequency should be chosen over 
a tenth of the fundamental frequency. The low-pass filter has a bandwidth much smaller than that of the 
voltage control of the inverter; thus, the performance of control will be very sensitive to this filter. The 
general expression of the transfer function of an nth-order Butterworth low-pass filter is given by 
Hs) = —__ = —____1____ (9.38) 
i“ (s — si) (s= Sy) ... (=s) 
[]o-») 
i=l 


ae 2i+n-1 2i+n-1 
s; = etloit-D/2n] — cos (x=) +jsin (=) (9.39) 
2n 2n 
As the pass-band of the filter is much smaller than the pass-band of the voltage control, it is reason- 
able to approximate with a delay, the dynamic of the voltage control loop where the power control is 


concerned. Linearizing (9.17) and (9.18) and assuming a P/Q decoupling, the active and reactive power 
control loops are obtained as follows (Figure 9.21): 


The variables shown in Figure 9.21 are presented as follows: 


P, and Q; are the average active and reactive output powers; 

P* and Q* are the reference active and reactive powers; 

G.»(s) and G.g(s) are the transfer functions of the active and reactive power controller; 
G, pp(S) is the transfer function of a second-order Butterworth low-pass filter; 


G,p(s) and G,,9(s) are the transfer functions of the plant of the active and reactive power control loops, 
respectively. 
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Figure 9.21 Active power: (a) reactive power and (b) control loops 


Hence, the open-loop transfer function for the active and reactive control loops are given as 


EV m(P,— P*) 
Gyp(s) = Cpe) tL 


(V- E)E 
— hh 
X 


S 


Gags) = G, p(s) 4 (Q; = o`) + (2; = Q*) (9.40) 
iQ 

The low-pass filter is a second-order Butterworth filter whose cut-off frequency should be chosen in 
the range of 5—10 Hz in order to extract the average value of the active and reactive powers. Considering 
a low-pass filter with a cut-off frequency of f, = 10 Hz, the effect of proportional gain (m) variations on 
the stability and the speed response of the active power loop have been evaluated. Figure 9.22 presents 
the results for the active power control loop in which the proportional gain is varied. The phase margin 
reduces by increasing the proportional gain, but it can be varied within a limited range. The system 
becomes unstable for frequency proportional gain greater than 1074. Figure 9.22(c) depicts the family 
root locus diagrams for different values of m. It can be observed that the poles can be adjusted to obtain 
the desired dynamics. On the one hand, by increasing m, the poles move to imaginary axes and the 
system has a second-order behavior with an overdamped response; on the other hand, by decreasing the 
proportional gain, the system behaves as a first-order system with a response that is more damped with 
an increased settling time. 

Figure 9.23 presents the results for the reactive power control loop in which the integrator time con- 
stant is fixed as T, = 0.03, and the proportional gain is varied. From the Bode diagram, it is possible 
to observe that the phase margin decreases by increasing the proportional gain, but that it can be varied 
within a limited range. By increasing the proportional gain, the system response is faster and the settling 
time is reduced, but it presents an increasing overshoot, because the dominant poles are attracted to the 
imaginary axes. 

In islanding mode, the DPGS must provide the active and reactive powers demanded by the load, 
maintaining the frequency within the limits allowed by the frequency-sensitive loads and a steady voltage 
profile. The proportional parameters of the power control can be tuned as follows: 


Ao 
Mistand = max (9.41) 
Pmax 
AV, 
Mima = uS (9.42) 
MAX 


where A@y,x and AVyax are the maximum allowed frequency and voltage deviations, respectively, and 
Pyax and Qyax are the maximum active and reactive powers that DPGS can provide. The parameters 
Migtang ANA Nyganq are Selected in order to share the load demand among the DPGSs proportionally with 
their active power ratings and below the maximum allowed frequency deviation, and to guarantee both 
good reactive power sharing among the DPGSs and appropriate voltage regulation. 
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Figure 9.22 (a) Open-loop Bode diagram, (b) step response and (c) family of root locus diagram of the active power 
loop in the case of proportional gain variations 
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Figure 9.22 (continued) 


9.2.4 Harmonic Compensation 


One of the main limitations related to droop control is the poor harmonic power compensation when the 
DPGSs supply nonlinear loads. However, the structure of conventional droop control can be modified in 
order to comply with the power quality requirements; the solution results in fixing the DPGS converter 
output impedance presented to the single harmonic components. In the case of grid-connected operation, 
a proper compensation strategy can be adopted, based on a virtual impedance approach, subtracting 
a voltage proportional to the current harmonics from the output-voltage reference. Individual output 
impedances for the current harmonics of the highest values are obtained by filtering the current by means 
of a bank of band-pass filters. With the main aim to inject harmonic-free current into the grid, resonant 
filters can be employed to extract selectively the 3rd, Sth, 7th and 11th harmonics. The virtual impedance 


Zy is defined by 
ul 


zo) = ——" (9.43) 

Poi i—i —— . 
H f 52? + 2K s + 0? 

odd 

where œ, is the frequency of the ith harmonic and K, are the coefficients of the filter. The coefficients 
K, should be chosen properly in order not to affect the stability of the system. The voltage reference 
Vier 18 modified by subtracting a voltage, which is proportional to the current harmonics, as shown in 
Figure 9.24. 

The resulting voltage reference can be expressed as 
Vo" = Vef — Zu (8) i, (9.44) 


o 


where v,e is the droop control output voltage reference and i, is the inverter output current. The Bode 
diagram of the harmonics compensation loop, adopted in the grid-connected operational mode, in shown 
in Figure 9.25(a). 

In contrast to the stand-alone operational mode, the main goal is to supply the local loads by providing 
a pure sinusoidal voltage in spite of nonlinear or unbalanced loads [13]. In the case of islanding detection, 
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Figure 9.23 (a) Open-loop Bode diagram, (b) step response, (c) family of root locus diagram of the reactive power 
loop in the case of proportional gain variations fixing the integral gain at TiQ = 0.03 
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Figure 9.24 Scheme of harmonic compensation strategy 


a 


the control structure can be modified. The proposal relies in the application of resonant compensators 


(Hy) directly into the voltage control loop, without affecting the computation of the voltage reference 
Vier Provided by the droop control: 


11 


As) = Kins (9.45) 

y= M ; 
M l s2 42K s +a? 

odd 

Zero voltage steady-state errors and selective harmonic compensation can also be achieved in this 
operational mode. The Bode diagram of the voltage loop is shown in Figure 9.25(b). 

In Figure 9.26, it is shown how the output current and the PCC voltage THD change when the har- 
monic compensation strategy of both grid-connected and stand-alone modes is enabled. In stand-alone 
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Figure 9.25 Bode diagram of (a) the current harmonics compensation loop and (b) the voltage harmonics compen- 
sation loop 


operational mode, if nonlinear loads are present in the system, the voltage harmonics compensation 
strategy leads to a deteriorated DPGS current. 


9.3 Ancillary Feature 


The main ancillary services in DPGSs, as defined by the IEEE standard 1547.2 [36], are scheduling, 
system control and dispatch services, reactive power supply and voltage/frequency control regulation, 
energy imbalance service and operation of spinning reserve. In the future, ancillary services provided 
by DPGSs should contribute to the reinforcement of the distribution network and to the maintainence of 
proper quality of supply. Two different scenarios are open for PV systems and small WTSs to achieve this 
purpose. The first relies on a flexible control strategy providing voltage support for local loads that can be 
expanded to harmonic compensation functions. The second and more complex possibility is to support 
the voltage at the level of the electric power system area, in order to optimize the feeder voltage profile 
injecting reactive power under the management of the distribution system operator (DSO). These issues, 
together with the need for limiting the cost and size of the DPGSs such that they remain economically 
competitive, even when ancillary services are added, make the design problem particularly challenging. 


9.3.1 Voltage Support at Local Loads Level 


A DPGS grid-connected converter can be treated as a shunt controller. Generally, under power systems 
theory, shunt controllers have been used as static var generators for stabilizing and improving the voltage 
profile and for compensating current harmonics and unbalanced load currents, whereas series-converter 
topologies have been applied to multifunctional inverters with ride-through capability in the presence of 
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Figure 9.26 (a) PCC voltage and DPGS output current THDs, (b) time slot of different operation modes [35] 
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grid voltage sags. Alternatively, shunt devices are usually adopted to compensate small voltage variations, 
which can be controlled by reactive power injection. It is impossible to provide simultaneous control of 
the output voltage and of the output current harmonics. The ability to control the fundamental voltage at 
a certain point depends on the grid impedance and the load power factor. The compensation of a voltage 
dip by current injection is difficult to achieve because the grid impedance is usually low and the injected 
current has to be very high to increase the load voltage. 

A shunt controller can be current or voltage controlled. When the converter is current controlled, it can 
be represented as a grid-feeding component (Figure 9.27(a)) that supports the grid voltage by adjusting its 
reactive output power according to grid voltage variations. When the converter is voltage controlled, it can 
be represented as a grid-supporting component (Figure 9.27(b)) that controls its output voltage. However, 
in this second case, the control action also results in injecting reactive power in order to stabilize the 
voltage. The vector diagrams of a shunt controller designed to provide only reactive power are presented 
in Figure 9.29. When the grid voltage is 1 pu, the converter supplies the reactive power absorbed by the 
load, and the vector diagram of the current- or voltage-controlled converter is the same. In the first case, 
it is controlled by the compensating current J, and in the second case, it is controlled by the load voltage, 
as underlined in Figure 9.28(a) and Figure 9.28(b). 

When a voltage sag occurs, the converter provides reactive power to support the load voltage and the 
grid current 7 has a dominant reactive component: 


L F Ie = Tisd (9.46) 
The amplitude of the grid current depends on the value of the grid impedance because 
Vie 
= jol, 


(9.47) 


where Vig is the inductance voltage drop, as shown in Figure 9.28(c). If the shunt controller supplies the 
load with all the requested active and reactive powers, in normal conditions it provides a compensating 


current A = 12 hence, the system operates as in island mode and 1, =0. 
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Figure 9.27 Use of a shunt controller for voltage dip compensation: (a) simplified power circuit of the current- 
controlled shunt controller and (b) simplified power circuit of the voltage-controlled shunt controller [13] 
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(b) 


Figure 9.28 Vector diagram of the shunt controller providing only reactive power: (a) current-controlled converter 
in normal conditions, (b) voltage-controlled converter in normal condition and (c) vector diagram for compensation 
of a voltage dip of 0.15 pu [13] 


In the case of voltage dips the converter has to provide the active power required by the load and it 
has to inject the reactive power needed to stabilize the load voltage, as shown in Figure 9.29(b). The grid 
current in this case is reactive. It can be seen that 


Vioad = E+ Vie (9.48) 


Hence, during a voltage sag the amount of reactive current needed to maintain the load voltage at the 
desired value is inversely proportional to wL,. This means that a large inductance will help in mitigating 
voltage sags, although it is not desirable during normal operation. This feature can be viewed as an 
ancillary service that the system could provide to its local loads. 
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Figure 9.29 Vector diagram of the shunt controller providing both active and reactive powers: (a) normal conditions 
and (b) vector diagram for compensation of a voltage dip of 0.15 pu [13] 
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Figure 9.30 DPGS converter operating as shunt controller 


Usually, the inverter output impedance is considered inductive owing to both the inductive component 
of the line impedance and the large inductor of the output filter. However, this is not always true because 
the closed-loop output impedance also depends on the control strategy. A possibility is to add an inductor 
in series with the inverter output in order to fix the output impedance. In the case where a large inductance 
is present in the grid side or where the grid impedance can be considered mainly inductive, the proposal 
of a DPGS control structure, improved with a small voltage sags compensation function, can be presented 
(Figure 9.30). In this, the voltage of the output filter capacitor V,’ is controlled directly while the current 
injection is controlled indirectly. The amplitude of the current depends on the difference between the 
grid voltage and the voltage on the AC capacitor V,’. The phase displacement between these two volt- 
ages determines the injected active power (decided by the MPPT algorithm), and the voltage amplitude 
difference determines the reactive power exchange with the grid. The requested reactive power is limited 
by the fact that a voltage dip higher than 15% will force the system to disconnect (as requested by stan- 
dards). The voltage error between V,., and V,’ can be preprocessed by a repetitive or resonant controller, 
operating as a periodic signal generator of the fundamental component and of selected harmonics, in 
order to improve the system with a voltage harmonic compensation function. The use of a repetitive or 
resonant controller can ensure precise tracking of the selected harmonics and provide the reference for 
the inner loop [13]. 

The advantages provided by the shunt controller operational mode of the DPGS converter are high- 
lighted by the case of distorting loads. In this situation, the voltage controller can compensate the har- 
monics introduced by the distorting loads, improving the quality of the load voltage profile. An example 
is presented in Figure 9.31 where a load voltage waveform affected by a THD of around 17% can lead to 
a voltage THD of around 2%. A detailed harmonic spectra comparison related to the example is shown 
in Figure 9.32. 


9.3.2 Reactive Power Capability 


DPGSs are becoming increasingly attractive structures for the proposal of an active low-voltage (LV) dis- 
tribution network. Reactive power-handling capability is requested to DPGSs by the new national grid 
codes. Among them, the Italian standard CEI 0—21 establishes the DPGS participation to the voltage reg- 
ulation through reactive power generation/absorption. It happens both to compensate voltage variations 
owing to the system active power injection at the PCC and to provide a service to the DSO. In particular, 
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Figure 9.31 Experimental results obtained for the case of distorting load: (a) without shunt converter: A grid voltage 
(300 V/div), C load voltage (300 V/div), 1 load current (10 V/div); (b) with a shunt converter connected to the grid: 
A grid voltage (300 V/div), C load voltage (300 V/div), 1 load current (10 V/div) [13] 
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Figure 9.32 Load voltage harmonic spectrum in the case of distorting load: (black bars) without shunt converter; 
(white bars) with shunt converter connected to the grid [13] 
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Figure 9.33 Triangular/rectangular reactive power capability curves for power converters over 6 kW (P, is the rated 
active power) and a possible V/Q characteristic [37] 


the reactive power exchange may be maintained inside the triangular reactive power capability curve, as 
defined by a power factor limit of 0.9 in the first case, or inside the rectangular reactive power capability 
curve (allowing for a power factor <0.9) in the second case (Figure 9.33). In order to allow this function, 
the DPGS may guarantee a continuous reactive power supply, regulated through a variable real-time 
power factor operation (cos g=f(P)), based on the local control system. If required by the DSO, the 
DPGS should provide reactive power following a variable reactive power curve (Q =f(V)) where the set 
points are defined through a remote control. 


9.3.3 Voltage Support at Electric Power System Area 


Recently, DPGSs based on renewable sources have represented one the most important worldwide 
research fields involving different matters. The main goals in this scenario have been to reduce costs 
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and to improve efficiency. However, currently, a missing link remains between the performance 
improvement of a single DPGS unit because of the optimization of the power conversion stage, and the 
main EPS where the control and management is performed just for high-power plants integrated into 
the transmission network. Otherwise, the fulfillment of a real DPGS integration into the distribution 
network, based on a distribution management system (DMS) operation represents the last obstacle 
toward true exploitation of DPGS potential and the achievement of a low-voltage active network. 

Twenty years ago, certain energy management system (EMS) functions, such as feeder voltage and loss 
optimization, began to be integrated within the DMS. However, in the past, all small- and medium-sized 
generations have been treated as “not-dispatchable,” and among these were the wind turbine and PVSs. 
This means that all the power produced by these types of DPGS was simply injected into the grid with 
no possibility of control. However, this situation is now changing and the latest DMS will incorporate 
optimization functions for the short-term scheduling of the various energy and control resources available 
in the network. 

A hierarchical control enabling real integration into the distribution network can be implemented based 
on a local control system (primary and secondary levels) performed on the grid-side DPGS converter, 
and a remote control system providing the set points for the local control (Figure 9.34). The idea is that 
every DPGS should have a distributed/local control system operating a coordinated active/reactive power 
control strategy carried out by means of three-level cascade loops. The local control system is responsible 
for operating the local voltage control and the active/reactive power exchange with the local loads and 
the main grid in universal operation (grid connected, stand-alone, or microgrids). The tertiary control 
is performed by the DMS, which can give set points to the inner control level in order that the DPGS 
provides a service to the DSO. 
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Figure 9.34 Hierarchical control of DPGS [37] 
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The primary control is in charge of the reliability and stability of the system, and thus, there is the 
need for a fast control strategy. The primary control structure can be designed based on Section 9.1.3.1. 
In contrast, the secondary control operates on a slower timeframe and deals with the power exchange 
between the LV distribution network and the DPGS, the voltage profile optimization and the frequency 
restoration. The primary and secondary controls form the local/distributed WTS control system and by 
using communication, the DPGS can receive signals from the DMS of DSO where the tertiary control 
is performed. The tertiary control completes the system with respect to what is presented in Section 9.2. 
As the inner loop is faster than the outer loop, a substantial dynamic decoupling is achieved between 
overlapped levels. In other words, the time-decomposition criterion requires that the dominant time con- 
stant of any external control loop be higher than the dominant time constants of all its internal loops [38]. 
Such a criterion is applied to the voltage control unit active/reactive power control unit and the set-point 
optimization unit. 

Despite the traditional control theory of a DPGS converter, where the system is designed just to inject 
the maximum active power by means of an MPPT algorithm 


Qrer = (s = Piept) (9.50) 


in this new scenario, the active power reference can be changed dynamically based on the dispatched 


reactive power reference: 
P* = y (£! — (Q*)?) (9.51) 


Hence, in order to achieve a successful integration of the DPGS with high-performance power 
exchange, the secondary level control is designed based on (9.34) and (9.35) (considering the forcing 
of the voltage vector to be aligned with the d-axis of the reference frame). The local control system 
aims, at least, to limit the communication lines (Section 9.2.2.1), while it can be conceived that a central 
dispatcher periodically updates the controller’s set points (tertiary control level) in order to exploit the 
capabilities of each DPGS for either present or foreseen grid-operating conditions. 

In this hypothesis, the reference value Q* is obtained from the product of the reactive power level qey 
by the unit capability limit Q; Įm, computed online according to the actual operating conditions. 


O" = diev * Qim (9.52) 


The output of the central dispatcher results in the reactive power level q, defined in closed loop 
and real time and was set in the interval [—1;+1] (corresponding, respectively, to the minimum value 
Onin = —48.43%P,, and the maximum value Q,,,,=+48.43%P,, ) in order that the feeder voltage Vp 
expressed in pu corresponds to its reference value Vpggp expressed in pu. 


t +1 
diev = | drit — Kpy (VpreF = Vp) E ky [ (Verge — vaar] (9.53) 
=i 
In (9.53) qç is the reactive power level reference (assumed equal to zero in normal operation, Kpy and 
Ky are the proportional and integral gains of the tertiary controller, respectively, tuned in such a way 
that the closed loop has a dominant time constant at least 10 times slower than that of the secondary 
controller. 


9.4 Summary 


Over recent years, DPGSs based on PV and small-wind turbines have been evolving at a fast pace. In 
order to fulfill a real integration of DPGSs with the main grid, a complex control system must be designed 
in order to achieve a universal operation (grid-connected mode, stand-alone mode and microgrid). In this 
chapter, starting from the analysis of the power stage and the control structure of a typical PV system 
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and small WTS, the control units that contribute to performing a universal operation are reviewed in 
detail. These include the synchronization system and the islanding detection system, coordinated with 
both a supervision system and a cascade loops control structure, which modifies its references based on 
the supervision information. The universal operation relies on a flexible control structure designed with 
the goals of limiting the number of changes when moving from grid-connection mode to stand-alone 
operational mode, and of an optimum management of the transition among the different conditions. 
Flexibility is ensured by droop-control-based design. Reactive power processing is required in light of 
the new grid codes, and harmonic compensation strategy might be integrated inside the control structure 
in order to comply with power quality criteria. 
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10.1 Introduction. Basic principles of DFIM 
10.1.1 Structure of the Machine and Electric Configuration 


The doubly fed induction machine (DFIM) or wound rotor induction machine (WRIM) are terms 
commonly used to describe an electrical machine, which has been used over many decades in various 
applications, often in the range of megawatts of power and also less commonly in the range of a 
few kilowatts. This concept of the machine is as an alternative to more common asynchronous and 
synchronous machines. It can be advantageous in applications that have a limited speed range, allowing 
a reduction in the size of the supplying power electronic converter as, for instance, in variable-speed 
generation, water pumping and so on. 

The typical supply configuration of the DFIM is shown in Figure 10.1. The stator is supplied by 
three-phase voltages directly from the grid at constant amplitude and frequency, creating the stator 
magnetic field [1, 2]. The rotor is also supplied by three-phase voltages that take a different amplitude 
and frequency at steady state in order to reach different operating conditions of the machine (speed, 
torque, etc.). This is achieved by using a back-to-back three-phase converter, as represented in the sim- 
ple schematic in the figure. This converter, together with the appropriate control strategy, is in charge of 
imposing the required rotor AC voltages to control the overall DFIM operating point and to perform the 
power exchange through the rotor to the grid. Although a voltage source converter is shown, different 
configurations or converter topologies could be utilized. Further details regarding the operation of the 
machine are described in subsequent sections. 
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Figure 10.1 General supply configuration of DFIM 


10.1.2 Steady-State Equivalent Circuit 
10.1.2.1 Electric Equations 


The relationships between the different frequencies of the machine are basics that must be known prior 
to the study of the electric equations of the DFIM. Thus, the equation that relates œ, (frequency of stator 
voltages and currents), œ, (frequency of rotor voltages and currents) and ,, (rotor electrical speed) is [1] 
as follows: 

oO, = 0,+ @, (10.1) 


The relation between the mechanical speed of the shaft Q, and the electrical speed depends on the 
pole pairs of the machine: 
(10.2) 


The units of these two equations are given in rad/s. The slip s of the machine is defined as follows: 


o, -o @ 
gs =n (10.3) 


Q, Q, 


The previous relations also hold if represented in different units, for example, in Hz or rev/min. In 
most applications, the stator windings are directly connected to the grid and thus, œ, is constant. This 
frequency is also known as the synchronous frequency. However, œ, obviously depends on the shaft’s 
electrical speed œp, which leads to three operating modes of the machine dependent on the speed: 


Wy < W, > w, > 0 > s > 0 => Subsynchronous operation 


Wy, > W, > w, <0 > s < 0 => Hypersynchronous operation 


Wy = W, > w, = 0 > s = 0 > Synchronous operation 


Having reached this point, Figure 10.2 shows the equivalent steady-state circuit of a DFIM. It is an 
idealized model in which only one phase of the stator and rotor is represented. Owing to the symmetry in 
the machine, the other two phases are modeled as essentially equal. It has been assumed that the machine 
is symmetrical and balanced in structure and that the magnetization is linear. As stated before, it is sup- 
posed that the stator windings are supplied by three-phase voltages directly from the grid, while the rotor 
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Figure 10.2 One-phase steady-state equivalent electric circuit of the DFIM 


is also supplied by three-phase voltages but independent of the stator voltages. The most representative 
electric magnitude and parameters of the model are as follows: 


Electric magnitudes of the stator and rotor Electric parameters of the stator and rotor: 
(phasors): R,: Stator resistance (Q) 

V: Supplied stator voltage R’: Rotor resistance (Q) 

v: Supplied rotor voltage L,,: Mutual inductance (H) 

T: Stator current L,,: Stator leakage inductance (H) 

7’: Rotor current L}: Rotor leakage inductance (H) 

É: Induced emf in the stator N,N: Stator, rotor windings, number of turns per 

E: Induced emf in the rotor phase 


The frequency of the stator circuit is @,, while the rotor frequency depends on the rotational speed, as 
revealed by expression (10.1). The leakage impedances of the stator and rotor are calculated according 
to the corresponding frequency of the stator and rotor. The relation between the stator and rotor turns per 
phase is provided by the u coefficient: 


u= = (10.4) 


Some constructive variations can affect this coefficient, while the induced stator and rotor emfs are 
related by 


,_ E 
E =s= (10.5) 


Note that the relation of the amplitudes depends on the slip (or rotational speed), whereas for the 
particular case when u=1 and the machine is at a standstill (s=1), both the induced stator and rotor emfs 
are equal. 

In general, to facilitate the analysis, this circuit is modified to one that is a stator-reduced equivalent, 
referring the rotor magnitudes and parameters to the stator by means of the following equivalences: 

r 
R, > Rw Lor = Lat? L = F A z V'u Es = Eu (10.6) 

The notation adopted denotes real rotor magnitudes and parameters with the prime superscript (’), 
while the stator-reduced ones are without the prime superscript (’). This provides us with the equivalent 
phase circuit of Figure 10.3. 
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Figure 10.3 One-phase steady-state equivalent electric circuit of the DFIM with rotor parameters, current and volt- 
ages reduced to the stator 


For practical analysis, it is more convenient if both the stator and rotor circuits present the same fre- 
quencies. Thus, the rotor circuit is “converted” to the stator frequency œ,, simply by doing: 


V R 
V -sE = (R. +jsø L). > = 8 = (2 tjo ys (10.7) 
a —s E Sor —r Ss —s S S or -r 

Therefore, the final equivalent circuit is obtained by referring the rotor to the stator, as shown in 
Figure 10.4, where all magnitudes are of the same frequency. 

The electric equations of this equivalent steady-state circuit, including the stator and rotor fluxes, are 
summarized as follows: 


Voltages: 
V. = RJ, + joL,J, + joL, (J, T I) (10.8) 
V R 
= = -I + jolt, + job, + I) (10.9) 
Ss Ss 

Fluxes: 
Wah, HL) + Lesl, 5 Lol, rig, (10.10) 
Y, = Lall, +I) tLal = Lak tL (10.11) 


where L, = L,, + Los being the stator inductance and L, = L,, + L,, being the rotor inductance. From all 
these electric equations, it is possible to derive the phasor diagram for any operating condition of the 
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Figure 10.4 One-phase steady-state equivalent electric circuit of the DFIM referred to the stator 
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IX 


(a) (b) 


Figure 10.5 Phasor diagram in generator mode at Q, > 0 of a multi-megawatt DFIM, (a) s > 0 and (b) s < 0 [1] 


machine. Figure 10.5 illustrates an example of a multi-megawatt DFIM operating at subsynchronous 
and hypersynchronous speeds. 


10.1.2.2 Power Flows and Modes of Operation 


The basic active power balance of the DFIM reveals that adopting a motor convention, the addition of 
the stator active power P, and the rotor active power P,, is equal to the mechanical power in the shaft P 
minus the cupper losses in the stator and rotor (P,, , = 3R,|Z,|? and P,, , = 3R,|Z,|): 


cu_s 


P, +P, =Pa + Pou +P (10.12) 


cur 

Positive values of P, and P, are interpreted as the power absorbed by the machine, whereas a positive 
value of P,,, means mechanical power developed by the motor though the shaft. Therefore, the efficiency 
of the machine particular to motor or generator operation can be calculated according to the following 


formulae: 
"“—ifP >0 $ EWP <0 (10.13) 
— — 1 ts 
q P, P, 1 m yi P m 


m 


On the other hand, the active stator and rotor powers, together with the reactive powers, can be calcu- 
lated by the following classic formulae: 


P, =3Re{ V I} P, = 3Re{V I"} (10.14) 
Q, = 3im{ VI*} Q, = 3Im{ V i} (10.15) 


Hence, by substituting the stator and rotor voltage equations (10.8)—(10.9) into the power expressions 
(10.14)—(10.15), it is possible to develop power expressions showing their dependence on the machine’s 
parameters, currents and slip: 


P= 3R ILI + 3a,L,,Im{1 J" } P= 3R, ILI? — 3s@,L,,Im{1I"} (10.16) 
Q, = 30,L,|1,? + 30,L,,Re{LI*} Q, = 38o,L,|L,|? + 3so,L,,Re{L I} (10.17) 
However, by definition, the electromagnetic torque developed in the shaft is equal to 


o 
P= TO = 7. (10.18) 


mec em™®?“m em 


P 


Thus, by substituting in this expression, equivalent equations of power (10.16) and a torque expression 
that depends on the machine’s parameters and currents can be found: 


Ton = 3pLylm{L'T,} (10.19) 
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Further equivalent torque expressions can be derived, if in last expression, fluxes are included according 
to Equations 10.10 and 10.11: 


L 
Ton = Spr MEL) = 3pIm{¥*I } = 3pIm{ Y I} 


Lan 
oLL, 


= sinp (Yi) =3 pim{ 2"? } (10.20) 
where o = 1 — La /L,L, Furthermore, by neglecting the cupper losses in the active power equations 
(10.16), itis possible to develop some approximate power expressions, which can relate simply the power, 
torque and speed of the machine. These simple expressions are summarized in Table 10.1 and they can 
be useful in performing quick calculations. It must be highlighted that the relation between the stator 
and rotor voltage is also presented there, which is approximated by neglecting the voltage drop in the 
stator and rotor resistances and the leakage inductances of Equations (10.8) and (10.9). It is noticed that 
in assuming a constant stator voltage V_ owing to a direct grid connection, the necessary rotor voltage 
amplitude depends mainly on the slip or speed. 

Therefore, it is possible to distinguish four possible combinations of torque (positive or negative) and 
speed (subsynchronism and hypersynchronism), which lead to the four quadrant modes of operation of 
the DFIM [3], as illustrated in Figure 10.6. Note that only at hypersynchronism, when the slip is negative, 
do both the stator and rotor active powers present an equivalent sign. 


Table 10.1 List of simple and useful expressions 
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Figure 10.6 Four quadrant modes of operation of the DFIM attending to the active power 
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10.1.2.3 Steady-State Representative Torque Curves 


It is interesting to develop further the circuit of Figure 10.4, deriving the equivalent Thevenin circuit at 
points XY, as illustrated in Figure 10.7. In this way, it is possible to calculate easily the rotor current and, 
therefore, to obtain a compact expression for the steady-state electromagnetic torque. 
Firstly, knowing that the mechanical power P „ can be obtained by calculating the power in elements 
=F 


with slip dependence of the equivalent circuit, we have |V | = = |Z, | cos(b) + R, = |Z I and then divid- 
ing by the speed provides the torque. l l 
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Figure 10.8 illustrates the torque curves at different stator and rotor voltage relations. It can be seen that 
when the rotor voltage is set to zero, the typical curve of the squirrel-cage induction machine is obtained. 
By increasing the rotor voltage, the torque curves are shifted to the left or right depending on the phase 
shift imposed between the stator and rotor voltages. For instance, note that at relation |V,|/|V,| = 0.025, 
the torque is zero at slips +0.025, while with phase shifts of 0° or 180° between the stator and rotor 


T 
IVV] = 0.05 (contra-phase and n 


RAUA = 0.025 (contra-phase and +5°) 
D. di eee eee eRe 


f 
Operating points 


2 <a 
-4 IVVIV,| = 0.05 ae ae nes Seer ene | = 
i i i | i 
0.1 0.05 0 -0.05 -0.1 
S 


Figure 10.8 Torque curves versus slip at different rotor voltages 
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voltages, symmetric torque curves are achieved [4]. At a given constant torque load (generating), the 
steady-state operating points are obtained at the transitions of the T.a and T,,,,, curves, also defining 
the slip. Therefore, by changing the rotor voltage, the speed (slip) is set and variable slip is obtained. 
Nevertheless, in general, the choice of the proper rotor voltage (amplitude and phase angle) is done by 


the closed-loop control strategy, as described in subsequent sections. 


10.1.3 Dynamic Modeling 
10.1.3.1 af Model 


In developing the dynamic af model of the DFIM, space vector theory is applied to the basic electric 
equations of the machine and again, as in the steady-state model that was considered, the machine is 
assumed both ideal and linear. Figure 10.9 shows the three different rotating reference frames typically 
utilized to develop space vector-based models of the DFIM. The stator reference frame (a—f) is a sta- 
tionary reference frame, the rotor reference frame (DQ) rotates at w,, and the synchronous reference 
frame (dq) rotates at œ. Subscripts “s”, “r” and “a” are used to denote that one space vector is reference 
to the stator, rotor and synchronous reference frames, respectively. By using direct and inverse rotational 
transformation, a space vector can be represented in any of these frames [1]. 

Therefore, the three coils of the stator and rotor separately, by using space vector theory, can be rep- 
resented by two stationary af coils for the stator and two rotating coils DQ for the rotor, providing the 
following voltage equations: 

5 al 
S S T 
V =R + m V =R T.+ M. 

If both voltage equations are represented in stationary reference frame af, then the rotor equation must 

be multiplied by em, which yields the following set of equations: 


(10.22) 
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Figure 10.9 Different reference frames to represent space vectors of the DFIM 
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In a similar way, it is possible to derive the stator and rotor flux expressions in space vector form in a 
stationary reference frame: 


in gst s = Lis + Lais 
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Hence, from the set of equations derived, the af equivalent circuit is developed as represented in 
Figure 10.10. There is one equivalent circuit for each af coordinate, in which all the voltage, current and 
flux magnitudes are sinusoidal with a frequency of œ,. 


On the other hand, the active and reactive powers of the stator and rotor sides can be calculated accord- 
ing to the following equations: 
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While the electromagnetic torque, created by the DFIM, can be calculated by the following equivalent 
expressions: 
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Figure 10.10 Model of the DFIM in the af reference frame 
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where again o = 1 — Ly /L Le 

Thus, by rearranging expressions (10.23)—(10.26), we can develop several state-space representations 
of the DFIM, which are useful, for instance, for simulation or analysis purposes. The following expression 
shows one of them in which the state-space vector is composed of the stator and rotor fluxes: 


-R, RL, 
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Therefore, by adding the mechanical motion equation that describes the rotor speed behavior: 


T, T, J dn (10.32) 
em load ~~ dE : 
With J, the inertia of the rotor and Taa» the load torque applied to the shaft, we have constituted a 


model of the DFIM that can also be used for computer-based simulations. 


10.1.3.2 dq model 


The space vector model of the DFIM can be also represented in a synchronously rotating frame. For that 
purpose, by multiplying the voltage expressions (10.22) by e7/ and e~/*, respectively, we obtain the dq 
voltage equations: 
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Similarly, the fluxes yield: 
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Hence, from the above equations, the equivalent electric circuit in dq is obtained, as depicted in 
Figure 10.11. However, this model representation with equivalent expressions of power and torque as 
in the aß model, as well as the computer-based simulation model, can be developed further. 
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Figure 10.11 Model of the DFIM in dq reference frame 


10.2 Vector Control of DFIM Using an AC/DC/AC Converter 
10.2.1 Grid Connection Operation 


This section describes the control of the DFIM. It is necessary to distinguish two different scenarios: 
the grid connection operation and the stand-alone operation. Both configurations have some significant 
control differences that will be described. However, only the rotor-side converter control is studied in this 
section, assuming that the DC bus voltage of the AC/DC/AC converter is set by the grid-side converter 
with any of the methods presented in Chapter 11. 


10.2.1.1 Rotor Current Control Loops 


Among the different alternative control methods that have been developed for the DFIM, only the vector 
control technique is studied in this section, which is probably the most extended and established one. 
For an easier understanding, the control is described in different steps: first, by studying the current 
control loops. After that, some interesting steady-state analyses are developed before finally describing 
the control at an unbalanced grid voltage. 

In an equivalent way to the classic vector control techniques [3—5] of other different machines, the 
vector control of the DFIM is performed in a synchronously rotating dq frame, in which the d-axis is 
aligned, in this case, with the stator flux space vector, as illustrated in Figure 10.12 [1, 2]. Owing to this 
alignment choice, it will be shown later that the direct rotor current is proportional to the stator reactive 
power, and that the quadrature rotor current is proportional to the torque or active stator power. Therefore, 
from the model of the DFIM in a synchronous reference frame, by substituting Equations (10.35) and 
(10.36) into the rotor voltage equation (10.34), we obtain the rotor voltage as a function of the rotor 
currents and stator flux (note that Was = 0): 


: d. y La d> 
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Figure 10.12 Synchronous rotating dq reference frame aligned with the stator flux space vector 


From Equation (10.23), for instance, assuming that the voltage drop in the stator resistance is small, 
the stator flux is constant because the stator is connected directly to the grid at constant AC voltage; 
consequently, the term dy, |/dt is zero. These last two equations reveal that it is possible to perform dq 
rotor currents control, simply by using a regulator for each current component, as shown in Figure 10.13. 
Cross terms of Equation (10.37) can be included at the output of each regulator in order to assist the 
regulator. Note that the stator flux and œ, must be estimated for that purpose; however, this is simple and 
does not add extra difficulties. For the reference frame transformation, the angle 0, must be estimated. The 
control must be performed in dg coordinates, but then the rotor voltage and currents must be transformed 
into DQ coordinates. First, it is possible to obtain the angle of the stator voltage space vector, then subtract 
90° from this estimated angle, and thus, obtain @,. A simple phase-locked loop (PLL) can be used to 
perform the stator voltage grid synchronization, providing robustness to the estimation and a rejection 
of small disturbances or harmonics. In subsequent sections, additional details are provided about how 
the current references are generated. Note that if the DFIM employed presents a different turn’s ratio at 
the stator and rotor, it must be considered at the control stage. In the control block diagram presented 
in Figure 10.13, the current loops work with the rotor currents referred to the stator side, while the 
conversion to rotor-referred quantities is performed at the measurement stage for the currents and before 
the creation of the pulses for the converter for the voltages. 
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Figure 10.13 Current control loops of the DFIM 
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Figure 10.14 Equivalent second-order system of closed-loop current control with PI regulators 


However, Figure 10.14 shows that when choosing equal proportional-integral (PI) regulators for both 
loops, employing compensation of the cross terms, and neglecting the effect of the voltage source con- 
verter and the possible delays in computation or measurements, the equivalent closed-loop systems of 
both current loops are equal to a second-order system with two poles and a zero that can be placed by 
classic control theory choosing the appropriate gains of the PI regulators. 


10.2.1.2 Power and Speed Control Loops 


Once the current control loops and the flux angle calculation have been studied, the complete control 
system can be introduced. As the d-axis of the reference frame is aligned with the stator flux space 
vector, the torque expression in the dq frame can be simplified as follows: 


L L 
Tay = SPT Voia Was) > TaS Py > Tom = Krig 1038) 
This means that the q rotor current component is proportional to the torque, that is, with i qr it is possible 
to control the torque and, consequently, the speed of the machine if the application requires it. In a similar 
way, by developing the stator reactive power expression in the dq frame, we obtain a compact expression, 
which reveals that i, is responsible of Q.. 
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Therefore, because of the orientation chosen, it can be seen that both rotor current components inde- 
pendently allow us to control the torque and reactive stator power. In this way, based on these expressions, 
Figure 10.15 illustrates the complete vector control of the DFIM. Maintaining the current loops studied 
in previous sections (Figure 10.13), a speed loop and a stator reactive power loop has been added. The 
necessity of the speed regulation depends on the application in which this machine is being used, and it 
could happen that the DFIM simply imposes an electromagnetic torque T.,,,, while the speed of the shaft 
is controlled by other elements. 

However, with the Q, loop, it is possible to control the magnetizing of the machine. As discussed 
before, because the stator of the machine is connected directly to the grid, the stator flux amplitude is 


m? 


Properties and Control of a Doubly Fed Induction Machine 


283 


—@,0L,i 


gr 
Hy ia. Hy oy, * 
REG i> $ Tig—| REG CA Var | s, 
Qs 7 g igr i eJor Vor PWM 2 
i v Vo 
RD] REG = ER >| REG te Ty = 
af + 
Om gr 
Z @,oLyigt Or | Ysl LmfLs Je. m 
cE T lar ‘Dr i, i. 
kg= -3 oF | VA] RE i Do/ “ ilu |e tar 
3 i e Jor Lator FT eiir 
eae ; m i 
2 PE a tgr I 'Qr abe" = ely = 
To OA 
5 N 
Angle li iabes x 
calculation e 
x Vabes 
Om 0 
$ Q; calculation ~ 
s Le 
o, 
“m | asat Om Om P 


Figure 10.15 


Complete vector control of the DFIM 
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constant and provided by the grid voltage: lw, | = EA /@,, thus the stator flux equations reveal that 


Wl = Was = Liy + Loig Wag =0= Liy + Lmigr (10.40) 

The stator flux level [y,| must be created by choosing i,, and i,,, distributing thus the required amount 
of current between the rotor and the stator. Note that i,, and i,, are set by the torque and, therefore, there 
is no possibility to choose; however, depending on the Q, set, it is possible to exchange bigger or lower 
stator and rotor currents. As an example, in applications of wind energy generation, different Q, values 
might be demanded depending on the requirements of the grid codes and therefore, in such a case, the 
Q, reference would be set directly by the grid system operator. 

On the other hand, as done with the current loops, Figure 10.16 shows the equivalent closed-loop 
systems of the Q, and @,, loops, assuming that the current loops have been tuned much faster than the 
external loops and neglecting converter dynamics or measurement and computing delays. It can be seen 
that the simplified closed-loop systems yield into a first- and second-order system that can be tuned by 
choosing the appropriate gains of the PI regulators. Alternatively, if the application allows it, it is typical 
to set the rotor i, current to zero (eliminating the Q, loop), minimizing the necessary rotor current and 
saving the dimensioning of the rotor windings design and the rotor-side converter. Obviously, this is 
achieved by the means of increasing the stator winding dimensioning. 

Finally, Figure 10.17 shows the most representative magnitudes of a vector controlled DFIM, operating 
at constant torque in motor mode at variable speed. The stator voltage is kept constant owing to the direct 
grid connection, while the stator currents are also constant because T,,,, and Q, are maintained constant. 
The speed ramp performed at the middle of the experiment provokes the variation of the rotor voltage 
and currents, which yields a variation of the rotor active and reactive powers. 


10.2.1.3 Steady-State Analysis 


In previous sections, we have seen that the model of the DFIM expressed in the dq frame is useful for 
developing the stator flux-oriented vector control strategy. In this section, the dg model of the DFIM is 
exploited further in order to calculate the most interesting magnitudes of the machine at a steady state [3]. 
Hence, assuming that by means of the control the DFIM is going to be required to operate at demands, 
namely 7,,,,@,, and Q,, the task consists of deducing the remaining electric magnitudes of the machine at 
steady-state operation such as stator and rotor currents, powers and slip. This analysis can be useful, for 
instance, for deducing the best magnetizing strategy in terms of efficiency and calculating the required 
rotor current at a given operation point for dimensioning the power electronic converter. 

Therefore, firstly, it is necessary to calculate the stator flux amplitude of the machine. By assuming a 
steady state and a stator flux alignment with the d-axis, it is possible to obtain the following set of five 
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Figure 10.16 Equivalent closed-loop system of Q, and œ, loops (T „ag considered equal to zero) 
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Figure 10.17 Most representative magnitudes of a multi-megawatt DFIM at constant torque in motor operation and 
variable speed 


equations. From these five exact equations, it is easy to compute the stator flux: 
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Note that only the parameters of the machine, together with the stator voltage, torque and stator reactive 
power, are needed. Thus, once the flux is obtained, the remaining magnitudes can be calculated from the 
equations presented in previous sections. The procedure is detailed in Table 10.2. 

In an alternative way, if instead of the Q, reference i,, = 0 is imposed, minimizing the rotor current, 
the steady-state computation procedure is slightly modified: 
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Table 10.3 shows only the new required calculation steps, steps 4—10 of Table 10.2, are applied in the 
same way. 


10.2.1.4 Current and Voltage Constraints 


This section calculates the maximum capability curves of the machine considering the physical voltage 
and current limits that cannot be raised [4, 5]. Therefore, for the DFIM, the stator and rotor voltage and 
currents must be at every operating point, be smaller or equal to the established limits, which means 


2 2, 
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Note that these limits can be established by the machine itself, by the converter, or by the grid connect- 
ing conditions. As the stator of the machine is connected directly to the grid, we cannot modify the stator 
voltage and, therefore, this variable is excluded from the analysis. For the rotor voltage, if we evaluate 
expression (10.37) at a steady state, neglecting the rotor resistance voltage drop: 
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It is seen that the rotor voltage constraint is determined by circles in the plane i,,, ig» with radius 


V, max/@,oL, and centered at the point — Lalis . Note that depending on the operating point of the 


machine, more specifically depending on œ, the radius of the voltage constraint will change. In a simpler 
way, considering the rotor current constraint, it is straightforward that it determines circles centered at 
the origin of the plane and with radius Z. max: Finally, the for stator current constraints, it is necessary to 
consider expression (10.35), which yields 
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Table 10.3 Procedure to derive the steady-state magnitudes with i, = 0. Only the first three steps are shown, the 
rest are the same as in Table 10.2 


Given grid voltage: œ, |v,| Given operating point: i =0 @,, Tem 
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by means of expressions (10.38) and (10.39), the torque is proportional to i» While the stator reactive 


power is proportional to i,,; this means that in the plane, both variables are determined by straight lines. 
This fact is graphically shown, together with the limit circle curves in Figure 10.18. By studying these 


curves, it is possible to determine whether the desired operating point of the machine is achievable. 
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Figure 10.18 Voltage and current limit circles together with constant Q, and T,,,, constant lines (only Q, >0 and 
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Figure 10.19 Two examples of operating points at low (1) and high (2) œ, 


Thus, Figure 10.19 shows two operational examples of a multi-megawatt DFIM in which the limits 
of stator and rotor currents (referred to the stator) are equal. Regarding situation 1, we can say that as 
the required operating point sets a small œ,, the rotor voltage constraint is not limiting the operating 
point. At this speed, the achievable torques and reactive powers are within the shaded area. It can be 
seen that the maximum torque in generator mode is achieved at point A,. Point B, shows one specific 
possible operating point. If we want to modify Q, to more positive or more negative values, we need to 
move through curves A,C, and A,D,, respectively, decreasing the torque capacity in generator mode. 
However, points C, and D, are the limits at which all the current is dedicated for reactive power, and 
thus, no torque can be created. 

In situation 2, we note that with the higher œ, required, the rotor voltage constraint now has an effect. 
At this speed, the achievable torques and reactive powers are within the shaded area (smaller than in the 
previous case). The maximum torque in generator mode is achieved at point A,, which is smaller than 
A,. Point B, shows one specific possible operating point. As before, by moving through curves A,C, 
and A,D,, respectively, we can achieve different values of Q, with the limits C,, which is equal to C}, 
and D,, which is smaller than D,. 


10.2.1.5 Operation under Unbalanced Grid Voltage 


In some scenarios and applications, the DFIM can be obliged to operate under unbalanced grid volt- 
age [1]. This could be in a permanent way, for instance, in weak grids where nonlinear loads produce 
unbalances of grid voltage, or alternatively, for a limited period during grid faults, where the voltage 
seen by the DFIM could be unbalanced. In all cases, the unbalanced voltage affects directly the opera- 
tion of the DFIM, which, if no further action is taken, degrades its performance, for example, through 
the appearance of torque oscillations and unbalanced exchange of stator currents. 

In specialized literature, all possible voltage unbalances are classified, but Figure 10.20 only shows 
an example of a voltage unbalance caused by a phase-to-phase fault in the network. The unbalanced 
phenomenon can be studied by sequence decomposition, first enunciated by Fortescue. Thus, an unbal- 
anced voltage implies the presence of a positive sequence and a negative sequence. 

As demonstrated in the following, most problems caused by the unbalances can be overcome by intro- 
ducing a precise amount of negative sequence in the rotor current references. In this way, the current 
references are the addition of two sequences: one synchronized with the positive sequence of the grid volt- 
age, and the other synchronized with the negative sequence. In order to guarantee that the two sequences 
are well regulated, it is necessary to control each sequence independently. The original control loop is 
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Figure 10.20 Unbalance caused by a dip type C phase-to-phase fault: (a) phasor diagram and (b) abc voltages 


then substituted by two control loops: the first working in a positive rotating reference frame, and the 
other one working in an inversely rotating frame. This control philosophy is named the dual-vector con- 
trol technique. Figure 10.21 illustrates an example of dual-vector control for a DFIM. The rotor current 
loops follow the same basics of classic vector control, as described in Figure 10.15. 

Coupling terms are not included at control loops in this example, but could also be used (note that the 
presence of the negative sequence would require then to be recalculated). The measured rotor current 
must be split into its two sequences before being introduced to the current regulators. The sequence 
decomposition and the dual-vector control itself require the estimation of the 0, angle. In general, this 
is calculated following the philosophy described in Figure 10.13, using the same PLL or, as preferred 
by some authors, using a more sophisticated synchronization method that handles positive and negative 
sequences of the stator voltage, synchronized with the positive sequence. The positive and negative rotor 
current references must be calculated from the stator active and reactive power references, as is described 
subsequently. Note that if the application requires it, the active power reference can come from the speed 
control loop, while the reactive power in this example does not include a closed-loop control, as utilized, 
for instance, in the control philosophy of Figure 10.15. The positive and negative rotor current references 
normally can be generated in order to meet different objectives of minimization: stator power oscillations, 
negative sequence of stator or rotor currents, rotor voltage and so on. In this section, only one of these 
strategies is studied in detail; the minimization of the negative sequence of the stator currents, which is a 
typical solution, adopted in DFIM-based wind turbines during voltage faults. Thus, in a general case, if 
no special action is taken, unbalanced stator voltages and currents cause oscillations in the stator active 
and reactive powers of double the grid frequency. The average powers are provided by the following 
matrix expression: 


las 
F; = Po + Pag cos (2,1) + Poin sin(2@,t) Al = 3 b Vast Vas2 Vqs2 igs (10.46) 
Q, = Qo + Oscos COS(2@,1) + Ossin SiN(2@,1) Qof 2 [Vasi Yasi Yqs2 —Yas2 las2 


lgs2 
in which a zero negative sequence of stator current is desired. Thus, by inverting this matrix equation 


and making ij. and i) zero, the stator positive currents are obtained. Once the stator currents are 
obtained, then by using the DFIM model expression (10.25) that relates stator and rotor currents and 
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Figure 10.21 Dual-vector control block diagram of a DFIM 
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by assuming that the stator flux is in quadrature with the stator voltage: 
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Therefore, combining the last two expressions, the rotor current references, which achieve negative 
sequence elimination of stator currents, are obtained: 
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Thus, this expression is directly substituted in the block “reference calculation” of the general dual- 
control block diagram of Figure 10.21. In this, P ọ and Q,, are the stator active and reactive power refer- 
ences P,* and Q.*, which are at an average value and they oscillate as described by expression (10.49). 
Note that for the current loops, as well as for the voltage references generation, sequence decomposition 
must be performed. This task is graphically represented in Figure 10.22. When doing the decomposition 
and using the rotational transformation, oscillations at double the frequency appear that must be removed 
in order to obtain an acceptable performance of the loops. This can be achieved by using notch filters, 
low-pass filters, or a digital signal cancelation (DSC) method. 


10.2.2 Rotor Position Observers 


A rotor current and a rotor voltage fed by the power electronics converter are determined in a coordinate 
system rotating with a rotor, whereas the stator voltage and current are measured in stationary coordinates. 
Thus, the variable waveforms have different frequencies. Independent of the selected frame used for the 
control method realization, the variables should be transformed to the same coordinate system, and for 
this reason, information regarding the rotor position angle is necessary. The rotor position sensor can be 
replaced by the observer of rotor angular position. The most developed type of rotor position observer 
for a doubly fed induction generator is a model reference adaptive system (MRAS), the general idea 
of which is to compare one of the measured variables of the machine with the corresponding variable 
calculated (estimated) based on the machine parameters and other measured variables. In this section, 
some of already known rotor position MRAS observers will be described, and some modified structures 
will be shown. A general scheme of the MRAS observer is shown in Figure 10.23. 
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Figure 10.22 Sequence decomposition 
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Figure 10.23 General scheme of the rotor speed and position MRAS observer for a doubly fed induction machine 
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Figure 10.24 Rotor position MRAS observer based on the stator flux vectors synchronization 


Different pairs of variables can be selected. In one of the first proposed MRAS observers for a DFIM, a 
stator flux vector has been used as a variable for error calculation [6]. As a reference model, the stator flux 
vector components y,,"*', Wg" are calculated based on the integration of the stator voltage (according 
to Equation 10.23), whereas the variable of the adaptive model is an estimate of the stator flux vector 
components y", Woo calculated according to Equation 10.25, where machine parameters are used. 
Rotor current vector components in Equation 10.25 are represented in a stationary frame and in order 
to calculate properly the stator flux, the rotor current vector is transformed from the coordinate system 
rotated with rotor to the stationary coordinate system. Until the displacement between the reference and 
estimated stator flux is no longer equal to zero, the output signal of the controller responsible for the 
estimated rotor speed @,,°", will be modified and, consequently, a proper transformation angle 0 „°“ will 
be sought (Figure 10.24). 

Finally, when the stator flux vectors are synchronized, the transformation angle obtained in the structure 
is equal to the actual rotor position angle 6,,°', such that it can be used further in the control algorithm, 
replacing the measured value of 0 „ from Figure 10.13 and the subsequent figures with control struc- 
tures. The error €,,, of the PI controller indicates a displacement between a reference and estimated flux, 
and it is calculated by a cross product of the vectors divided by the product of the vectors’ magnitudes 
(Equation 10.49). Thus, the error €,,, is represented by a sine function of the angle between the estimated 
and actual stator flux vectors. 
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A rotor position MRAS observer based on the stator flux vector’s synchronization has a problem during 
operation in the case of a grid-connected DFIG and magnetization only from the stator side. Therefore, 
another structure based on the same concept has been proposed [6]. This method is based on the syn- 
chronization of the measured and estimated rotor currents, and the synchronization error £; is calculated 
by Equation 10.50. 
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Figure 10.25 Rotor position MRAS observers based on (a) the flux—current model and (b) the voltage—current 
steady-state model of the doubly fed induction machine with a cross product used for error calculation 


As the reference signal, estimated rotor current vector components i,,°", i,,°" are used. The adaptive 
model is represented by the measured rotor current vector components i,,, i, transformed to the af 
stationary frame by the angle 0 „°“ calculated from the estimated rotor speed œ „°“ as an output signal of 
PI synchronization controller (Figure 10.25a). The estimated rotor current components i,,°" and i,,°" are 
calculated from the transformed Equation 10.25, whereas a stator flux is still calculated as an integration 
of the stator voltage. The rotor position angle 0 „ as well as the slip angle 6,, can be estimated without the 
stator flux calculation. The method is based on the voltage—current equations of the machine, which are 
achieved by substitution of the stator flux in Equation 10.33 by Equation 10.35 to achieve Equation 10.51. 


>a =! 
TR ee ee aie 
Vi = ALL, — -= OL. 1. ‘Ow, l 
$ grg s dt m dt JOLT. TIMLy 1, 
di di 
Vas = Rig + LZE H Ly -O Lig — OL pi (10.51) 
ds s“ds s dt m dt s ~s*qgs s’“m "qr 


las + OL lar 


s 


, dis di 
Vos = Rigs + Le + Lair + @L 
The derivatives of the stator and rotor current vector components are neglected in an observer structure, 
because the synchronization process is much slower than the current changes in a dq frame, in which the 
observer is implemented. A voltage—current-model-based observer is presented in Figure 10.25b. 

The operation of both presented MRAS observers in normal conditions is very similar. The error of 
the controller in both cases is represented by the sine function of the angle between the synchronized 
vectors. During the start-up of the system, when the vectors rotate with different frequencies prior to 
synchronization, this might mean that the error has an oscillating character until the system becomes 
synchronized. A modification of the observers from Figure 10.25a and b is possible by the use of both 
cross and dot products of the vectors. The structures of the modified observers are shown in Figure 10.26a 
and b, respectively. The angle between the synchronized vectors is determined by the tan~! function, 
which in an extended form returns the angle in the range from —z to x. This causes the error of the 
synchronizing controller to have still a periodic character, but considering that it is quite easy to find the 
discontinuity of the error waveform, the monotonicity of the error function can be obtained. The new 
error Eyn is linear in the range from —zx to x (in a first period) and saturated when the tan! function 
overflows. It is possible to achieve full linearization of the €,,, signal, but it is not necessary, especially 
when using the £; function presented in Figure 10.27, because the error can be brought to zero in every 
period of the function and not just in the first period. This means, because the synchronization process is 
faster, that it is not necessary to wait one or more periods for synchronization of the variables. 
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Figure 10.26 Modified rotor position MRAS observers based on (a) the flux—current model and (b) the voltage—current steady-state model of the DFIM 
with dot and cross products used for the error calculation 
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Figure 10.27 Method of elimination of periodic character of the controller error in a synchronization loop of the 
MRAS observer 


Simulation results of the synchronization process using both the flux—current and voltage—current 
modified MRAS observers are shown in Figure 10.28. Figure 10.28a and b presents modified MRAS 
observers without the method of error linearization, whereas Figure 10.28c and d presents observers 
with error linearization. In both cases, with and without error linearization, there is not much difference 
between the responses of the observers. However, the error linearization, according to Figure 10.27, 
causes saturation of the error signal instead of its periodic shape and, consequently, it reduces significantly 
the time of the synchronization process. 


10.2.3 Stand-alone Operation 
10.2.3.1 Model of Stand-alone DFIM 


A basic electrical circuit of a stand-alone DFIM is shown in Figure 10.29. The stator voltage is no longer 
set by the power network and results only on the operation of a back-to-back power converter. Con- 
sidering that the rotor converter is responsible for the machine behavior, across a wider range than the 
grid converter, the current-controlled rotor-side converter has to be equipped with an outer control loop 
providing stability for the stator voltage. The main role of grid-side converter is the same as that in the 
grid-connected power system, which is the maintenance of the DC voltage to the reference level. In addi- 
tion to the adequate control, voltage quality is obtained by stator-connected filtering capacitors, which 
compensate partially a reactive power of the machine or load. A separate issue of an autonomous gener- 
ation unit is a four-wire system for the supply of single-phase loads. It can be obtained by the application 
of a delta/star matching transformer between the stator and load (recommended in cases where the stator 
voltage is higher than the voltage required by the load). Another way is by the application of a neutral 
wire connected to the star-connected stator and four-wire grid-side converter, as is shown as an option 
in Figure 10.29. The content of zero sequence components in a load current is typically not significant 
in high-power systems, and its generation through the grid-side converter should be enough to obtain 
satisfactory voltage quality. Moreover, the rotor-side converter cannot be in four-wire topology, because 
the machines are normally not four-slip rings designed. 

The electrical circuit of a DFIM in a dq frame is described by Equations 10.33—10.36, presented in 
Section 10.1.3.2. The model of a three-wire stand-alone DFIM operating as a generator and equipped 
with stator connected filtering capacitors C; is completed by Equation 10.52. This equation describes a 
stator circuit consisting of a filtering capacitor C; and a load seen by the stator side. The stator current 
i, equals a sum of the current of the filtering capacitor and the current i, of the load seen by the stator, 
which is not the same as the physical load of the entire system. The stator load current i, represents a 
sum of the physical load current i,, and the current of the grid-side converter i,, Whose active component 
is positive or negative dependent on the rotor slip. 

A rotor current is an algebraic difference of the magnetizing current i,, and a stator current i, 
(Equation 10.53), whereas the magnetizing current depends on the stator voltage and magnetizing 
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Figure 10.28 Simulation results of modified MRAS observers based 
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Figure 10.29 General scheme of the stand-alone doubly fed induction generator system with optional neutral wire 


inductance (Equation 10.54). 
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10.2.3.2 Stator Voltage Control 


A stand-alone operation of a power source requires an outer control loop to obtain high quality of the 
generated voltage. Considering that the power delivered by the stator is higher than the power delivered 
by the grid-side converter, it is better to control the generated voltage by the rotor-side converter respon- 
sible for excitation of the machine. Theoretically, it is possible to control the generated voltage by the 
grid-side converter using the same control of the rotor-side converter as used for the grid-connected sys- 
tem. However, it is very difficult to obtain a stable operation in the case where the fractional power grid 
converter stabilizes the AC voltage and, simultaneously, operates as a rectifier during subsynchronous 
rotor speed. A natural extension of the rotor current control structure for the rotor-side converter is an 
implementation of the stator voltage controllers. In addition, it can be applied as an additional loop as 
a feedforward of the stator current components i,,, i and the term responsible for the reference of the 
magnetizing current (Figure 10.30). Thus, the voltage controllers feed only a fractional part of the rotor 
current reference signals i, i oe This means that the response of the control structure to the step change 
of the supplied load is faster. 

The three basic structures of the outer control loop with feedforward are shown in Figure 10.31. In the 
first (Figure 10.31a), voltage controllers are implemented as in the typical structure used for a three-phase 
inverter equipped with an LC filter. This means that the output signal from the d-axis controller of the 
voltage vector is responsible for part of the reference rotor current d component signal, whereas the 
q-axis controller of the voltage vector returns part of the g-axis rotor current vector signal. With this 
control, the voltage vector components have visible oscillations (Figure 10.32a) because of coupling 
terms between the stator voltage and the stator current dq vector components (Equation 10.52), which 
are transferred to the couplings between the stator voltage and rotor current dq components because 
there is strong relation between the stator and rotor currents (Equation 10.53). Figure 10.32b presents the 
second structure of the voltage control, in which there is only one applied voltage controller responsible 
for the control of the voltage vector magnitude, the actual value of which is calculated based on dq or 
af components of a stator voltage vector. This control utilizes Equation 10.54, which stays true, when 
the stator resistance and leakage inductance are neglected. The output signal is responsible for part of 
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Figure 10.30 Block diagram of the stator voltage vector control of a stand-alone doubly fed induction generator 
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Figure 10.31 Three possible superior control structures of the stator voltage vector in a stand-alone DFIG 


a reference d component of the rotor current in a frame oriented along the stator voltage vector. In the 
case of stator flux orientation, both the output signal of the controller and the reference magnetizing 
current signal should be added to the d-axis with a positive sign instead of the g-axis with negative sign. 
Control of the stator voltage magnitude eliminates oscillation during step-loading transients, but does 
not keep fixed the value of the voltage vector components, which vary depending on the load changes 
(Figure 10.32b). A third structure (Figure 10.31c) can be used to maintain the dynamic response with 
removed oscillations and simultaneous control of the stator voltage vector components. The results of 
the operation of these structures under the same conditions are shown in Figure 10.32c. 

Figure 10.32 presents the results of a simulation of a2 MW DFIM-based power system for the three 
different outer control loops shown in Figure 10.31. Simulations have been made under the same con- 
ditions in all cases. A rotor speed is changed from 0.66%, to 1.33 œ, in a time from zero to 0.5 s for an 
unloaded generator, and back from 1.33 œ, to 0.66 œ, in a time from 0.5 to 1 s for the generator loaded by 
a rated stator load. Next, the speed change cycle is repeated in a time from 1 to 2s, but the load cycle is 
reversed, which means that from 1 to 1.5 the stator of the machine is fully loaded, and from 1.5 to 2 s, it 
operates without load. The presented methods of control can be used not only for permanent stand-alone 
operation but also for synchronization of the power generation unit before connection to the grid [7]. 

During step unloading of the system at 1.5 s, when the entire load is disconnected, a significant voltage 
peak can occur; therefore, the power system and load should be adequately protected. The overvoltage 
is independent of the applied control and is caused by the energy stored in the machine’s leakage field, 
which is released during step unloading. A simple and robust overvoltage protection can be configured 
by using a three-phase diode rectifier connected to the filtering capacitors on the AC side and to the DC 
link of a back-to-back converter on the DC side. Every voltage peak will be consumed by the DC link, 
whereas during normal operation, the diodes will be blocked by the DC-link voltage, which normally is 
higher than the rectified AC stator voltage. 


10.2.3.3 Unbalanced Voltage Compensation 


Stand-alone power systems rarely operate with a symmetrical load. Most of them are designed to be 
able to supply a single-phase load, which implies an unbalance in the load current. Using a matching 
transformer between the stator of the machine and the supplied load, the zero sequence component in a 
load current can be eliminated, but the negative sequence component will still influence the generated 
voltage. The negative sequence component in the stator voltage can be eliminated by adequate control 
of a back-to-back converter. It is obvious that an unbalanced stator current produces torque pulsations, 
and it is advisable to provide a negative sequence current through the grid-side converter. However, 
owing to the reduced power of the electronics converter in relation to the rated power of the machine, a 
grid-side converter might not be able to compensate fully a negative sequence, especially for significant 
load asymmetry at a rotor speed close to the limited speed range. In such case, in addition to the negative 
sequence current, a grid converter takes or delivers a high amount of slip power and might operate close 
to saturation. 
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Figure 10.32 Simulation results of a general control from Figure 10.30 and for three different outer loops from Figure 10.31a—c, respectively, for the same 
speed and load conditions 
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Considering the above statements, it is necessary to introduce an adequate control method for both 
the rotor-side and grid-side converters, in order to obtain a sharing of the negative sequence component 
delivered by the DFIM system. Compensation of the negative sequence stator voltage by the rotor-side 
converter is possible by the generation of an adequate component in the rotor current. Owing to machine 
rotation, a stator-side unbalance influences the rotor current similarly in all three phases. A positive 
sequence component of the rotor current is represented by the slip frequency, whereas a negative sequence 
component of the rotor current is represented by a frequency equal to double synchronous minus slip 
frequency. A rotor converter control structure, including the part used for the elimination of a stator 
voltage negative sequence component, is presented in Figure 10.33. 

A negative sequence component of the reference rotor current is partially obtained by the stator current 
feedforward. The rest of the rotor current negative sequence is referenced by controllers of negative 
sequence components of a stator voltage vector Vj» Vasz: The other part of the control, responsible for 
the positive sequence, is taken from Figure 10.31c. Regarding an inner rotor current control loop, it is not 
necessary to implement sequence decomposition and to separate the control of the positive and negative 
sequences because, in an inner control loop, it is allowed a steady-state error. It is sufficient to eliminate a 
steady-state error in an outer control loop, which is obtained by separate controllers of the stator voltage 
positive and negative sequence components. 

Figure 10.34 shows the results of the operation of an asymmetrically loaded stand-alone DFIM. Simu- 
lation results have been made for the same conditions as those set for the symmetrically loaded generator. 
An unbalanced load was built with the use of a A/Y transformer between the stator and load, wherein 
two phases of Y are fully loaded and one phase is not loaded. Torque pulsations produced under these 
conditions by the negative sequence components of the stator and rotor currents have a negative influence 
on the mechanical system. 

Torque pulsations can be reduced by introducing an adequate control of a grid-side converter. A variant 
of the control method is shown in Figure 10.35. In addition to the positive sequence, a grid-side converter 
provides a negative sequence component of the current and the reference for the negative sequence is 
calculated by controllers of the stator current negative sequence components i4,), i... This improves 
the symmetry of the stator current and, consequently, reduces a negative sequence in the rotor current. 
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Figure 10.33 Block diagram of the stator voltage vector control with negative sequence compensation during unbal- 
anced load supply 
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Figure 10.34 Simulation results of a stator voltage control with negative sequence compensation from Figure 10.33 
during unbalanced load supply 
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Figure 10.35 Block diagram of the grid-side converter control structure with a stator current negative sequence 
compensation during unbalanced load supply 


The remaining part of the control, presented as a general block responsible for the grid converter current 
control, is the same as that presented for the typical grid-connected three-phase power inverter. 


10.2.3.4 Nonlinear Load Supply 


Similar to the case of the asymmetrically loaded stand-alone DFIM, a nonlinear load might produce elec- 
tromechanical torque pulsations; it depends on the method of harmonics compensation. If all load current 
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harmonics are delivered only from grid-side converter, which operates partially as an inverter/rectifier 
and partially as an active filter of the stator current, a load seen by the stator is linear and no torque pul- 
sations occur. However, it might be necessary to compensate stator voltage harmonics by the rotor-side 
converter, when a grid converter operates with a current saturation. It is possible to implement indepen- 
dent controllers for each harmonic similar to the structure applied for the compensation of asymmetry. 
It requires an extraction of the component responsible for the representation of each harmonic and the 
transformation of this signal to the frame rotating with an angular speed corresponding to the controlled 
frequency. 

Another possibility to obtain adequate rotor current reference signals is to implement a load current 
feedforward instead of the stator current feedforward, wherein a stator load current i, (Figure 10.29) is 
taken into consideration. Signals i,, and log of the stator load current include information that is more pre- 
cise regarding the compensation necessary for the harmonics content, even if it is not measured directly 
but estimated. The estimation is based on the stator voltage and current measurements (Equation 10.52). 
The stator load current components are represented in a dq rotating frame and the harmonics are rep- 
resented by oscillating components; therefore, something more sophisticated than a PI controller has 
to be used to obtain a reference rotor current, including harmonics content. A variant of the control 
structure can be based on a resonant controller in which a few elements that operate in parallel to the 
main PI controller are responsible for the regulation of selected harmonics [8]. In high-power systems, 
the most important harmonics are the fifth negative sequence and seventh positive sequence, typical for 
three-phase diode rectifiers and other three-phase loads. In a dq frame, both harmonics are represented 
by the common signal with a frequency of 300 Hz and both can be controlled by a common resonant 
controller designed for a 300 Hz resonant frequency. Part of the magnetizing current, uncompensated by 
stator filtering capacitors, is fed as a reference in the q-axis of the rotor current vector, as is shown in 
Figure 10.36. 

Figure 10.37 presents the results of tests with the same conditions as those in Figures 10.32 and 10.34; 
however, instead of the rotor position sensor, a rotor speed and position observer from Figure 10.26b has 
been implemented. 

A difference in relation to the grid connection mode is that the 0, used in an estimator is replaced 
by a reference angle obtained by integration of the reference synchronous speed œ“. During an initial 
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Figure 10.36 Block diagram of the stator voltage vector control with a stator load current estimation 


Properties and Control of a Doubly Fed Induction Machine 305 


Udspu, Ugspu 


0 0.5 1 1.5 2 
Time (s) 


Figure 10.37 Simulation results of a stator voltage control with a stator load current estimation from Figure 10.36 
during nonlinear load supply with implemented rotor position MRAS observer from Figure 10.26b 


state, a stator-side overvoltage might occur, such that in a real system, a rotor current should be limited 
more than during normal operation in order to avoid the problem of overexcitation. An error of speed 
estimation implies an error in the estimated rotor position, and therefore, visible voltage dips and sags 
occur in the stator voltage waveform. However, it has to be noted that the acceleration and speed change 
characteristics near the speed range limits, presented in Figure 10.37, will never occur in a real system, 
even with an internal combustion engine used as the primary mover. For a nonlinear load, a three-phase 
diode rectifier loaded by a resistive load representing 75% of the stator power (Raa = 0.5 Q) is applied, 
and between the stator and rectifier an inductor of value equal to 0.1 mH is placed. 

Figure 10.38 presents stator-phase voltage, load-phase current and three-phase rotor current waveforms 
corresponding to Figure 10.37 registered in the period from 0.56 to 0.94 s, which is a period when the sys- 
tem supplies a nonlinear load of power equal to 75% of the rated stator power. A control method does not 
require the extraction of each separate harmonic and it is sufficient to compensate only the main harmon- 
ics, while less significant harmonics are canceled by the use of the stator-connected filtering capacitors. 
Similar to the case of the unbalanced load (Figure 10.35), adequate control of the grid-side converter can 
be introduced, which partially operates as an active filter for the reduction of the stator current harmonics 
and, therefore, for a reduction of the electromagnetic torque. This control might include selective com- 
pensation of the harmonics based on the harmonics component extraction or it might be realized based 
on the instantaneous values of the controlled variables. 


10.3 DFIM-Based Wind Energy Conversion Systems 
10.3.1 Wind Turbine Aerodynamic 


This section analyzes the most important issues of DFIM-based pitch-regulated variable-speed wind 
turbines. In this type of modern wind turbine, the energy from the wind is captured mechanically by 
the blades, then it is converted to electric energy by the DFIM, and finally, this energy is delivered to 
the electricity network [1]. The theory of momentum is used to study the behavior of the wind tur- 
bine. Under certain ideal assumptions, the wind turbine can recover the power from wind given by 
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Figure 10.38 Simulation results presenting instantaneous phase variables from the same test as shown in 
Figure 10.37, but in an enlarged window 


the expression: 


p= 7 prR?V?C, (10.55) 


where p is the air density, R is the radius of the blades of the wind turbine, V, is the wind speed and C, 
is the power coefficient; a dimensionless parameter that expresses the effectiveness of the wind turbine 
in the transformation of the kinetic energy of the wind into mechanical energy. For a given wind turbine, 
this coefficient is a function of wind speed, the speed of rotation of the wind turbine Q, and the pitch 
angle f. C, is often given as a function of the tip speed ratio A, which is defined by 


RQ, 
CG =fAp with A= > (10.56) 
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The theoretical maximum value of Cp is given by the Betz limit: C 
shows graphically an example of C, curves. 


= 0.593. Figure 10.39 


p_theo_max 


0.5 p 0.5 @— 
4 B3 > By > Pi> Popt 


Aopt , C pmax 


0.4 
0.3 


À 
(b) 


Figure 10.39 C p coefficient of a three-blade wind turbine: (a) at constant pitch angle and (b) at different pitch angles 
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10.3.2 Turbine Control Zones 


Under the assumption of an ideal mechanical coupling and neglecting possible losses of the gearbox, 
located between the turbine rotor and the DFIMs, the power generated by the wind turbine P, is transmit- 
ted completely to the shaft of the DFIM; thus, P,, = P,- Therefore, by evaluating expressions (10.55) 
and (10.56) for different wind speeds and different rotational speeds of the wind turbine (the pitch 
is maintained constant to its optimal position Bop) the captured power from the wind can be repre- 
sented in three-dimensional space, as illustrated in Figure 10.40a. This is a representative example of 
a multi-megawatt wind turbine for which a specific radius R has been selected. It can be seen that at 
each constant wind speed, the curve presents a maximum point of generated power at one specific rota- 
tional speed. This property of wind turbines is exploited by means of the variable speed control, which 
always tries to choose the appropriate rotational speed at any given wind speed, in order to capture the 
maximum available power from the wind. However, in Figure 10.40a, the points at which the wind tur- 
bine operates are also shown. It can be noted that it is not always possible to operate at the points of 
maximum power of the curves. This is because of the restriction of the maximum Q, „om and minimum 
Q, min FOtational speeds of the wind turbine. Depending on the turbine’s design, the speed is limited by 
efficiency and safety concerns. For most turbine designs, these speed limitations yield four zones of 
operation relating to the rotational speed. Projections of Figure 10.40a into the three planes illustrated 
in Figure 10.40b-—d help to delineate these four operating zones (note that the gearbox relation holds: 
NQ, = Q,,)- 
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Figure 10.40 Power curves of a multi-megawatt pitch-regulated variable-speed wind turbine. (a) Pn =V w> Qm) 
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ZONE 1: In this zone, the rotational speed is limited and maintained constant to its minimum value; 
therefore, it is not possible to extract the maximum power from the wind. In this example of a wind 
turbine, between wind speeds of 0.235 and 0.36 pu, the captured power is not maximum. 

ZONE 2: In this zone, the rotational speed can be varied achieving the maximum point of the power 
curves. Within this zone, generally, a maximum power point tracking (MPPT) strategy is carried out. 
Therefore, between wind speeds of 0.36 and 0.73 pu, the rotational speed is modified, always seeking 
the maximum of the power curves. 

ZONE 3: This zone appears in some turbine designs when the maximum rotational speed is reached 
but not that of the maximum generated power. For this turbine design, between wind speeds of 0.73 and 
0.78 pu, the rotational speed must be maintained at the maximum value, although it is not possible to 
capture the maximum power from the wind and, therefore, it is not operating at the maximum of the 
power curves. 

ZONE 4: This zone begins when the captured power is equal to that of the rated power, which for this 
turbine example is at 0.78 pu wind speed. In this zone, the generated power and speed are maintained 
constant at their maximum values by modifying the pitch angle. Thus, the blades are gradually pitched out 
of the wind, because it is possible to maintain constant captured power, even if the wind speed increases. 

It must be highlighted that it is possible to find in the literature slightly alternative representations of 
the turbine control zones presented in this section. 


10.3.3 Turbine Control 


Having seen that the wind turbine can operate at four different zones according to the rotational speed, 
this section presents the general control strategy of the wind turbine (Figure 10.41a). The DFIM is vector 
controlled by the rotor-side converter, as described in Figure 10.15, for instance, but by omitting the speed 
control loop and translating to the wind turbine control block (if necessary), as is discussed later [1]. Thus, 
this new wind turbine control block generates the torque and pitch references in order to determine the 
four zones of operation. The grid-side converter is also vector controlled and is responsible for evacuating 
the generated power to the grid through the rotor of the machine and for controlling the DC bus voltage of 
the back-to-back converter. Q, and Q, references are generated by the reactive power generation strategy, 
assisting to the grid with the necessary reactive power, as demanded by the grid operator. 

Figure 10.41b shows some possible wind turbine control block philosophies for each operating zone. 
As can be noted, zones 1 and 3 present the same control structure. The speed is regulated as constant 
with regard to the maximum or minimum value by means of the electromagnetic torque generated by 
the DFIM. Generally, in this situation, the pitch angle is maintained constant. On the other hand, in 
zone 4, the speed is also regulated as constant with regard to the maximum value, but in this case, by 
actuating the pitch angle and keeping the electromagnetic torque constant. Finally, the MPPT of zone 
2 can be performed according to different control philosophies. For instance, it is possible to use an 
indirect speed control (ISC) by exploiting the fact that when the MPPT is achieved (operation at C pmax)» 
the generated power follows a cubic relation to the speed as follows: 


3 P =k Q3 
RQ, 


V, = — > P, = =pnR’| — | C mx > | 


max C (10.57) 
opt 2 Aoot k = =pnR° = 


The newest grid codes for variable-speed wind turbines also impose some additional requirements 
related to grid support. On the one hand, the operator can demand a certain value of total reactive power 
exchange Q,,,,, With the grid, within some predetermined limits. In general, this obliges an oversize of the 
design of the converter and/or machine of the wind turbine, in order to distribute the total reactive power 
demand between Q, and Q, and implement a special reactive power generation strategy, as depicted in 
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Figure 10.41 
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Figure 10.41. On the other hand, the grid code can also impose the primary frequency control support of 
the grid by maintaining a certain reserve of power in the wind turbine. This can be achieved by avoiding 
the extraction of the maximum power from the wind, by working at speeds other than the optimum, or by 
moving further from the optimum pitch angle. In this way, the wind turbine will contribute to the balance 
of power generation in the grid, which is currently performed by conventional power plants. Finally, wind 
turbines might also be required to provide an inertial response to frequency changes, as done naturally by 
the synchronous generators of conventional power plants. Thus, as occurs with conventional generators, 
wind turbines at normal operation store kinetic energy in the rotating blades. If nothing special is done, 
this energy does not contribute to the inertia of the grid because the rotational speed is controlled by the 
converter control. Hence, it is also possible to emulate an inertial response in the wind turbines by adding 
the emulation block to the torque reference of the wind turbine [9], as shown in Figure 10.42. When a 
variation in the frequency above certain limits is detected, the proportional-derivative control law imposes 
a fast torque variation, which also varies the power delivered to the grid by the wind turbine. This is 
achieved by changing the rotational speed of the blades and, therefore, altering the stored kinetic energy 
of the wind turbine. This quick reaction, which is faster than the primary regulation of conventional 
power plants, contributes to the avoidance of quick frequency changes owing to sudden changes in power 
consumption, which can turn off power plants owing to the overshoot of the frequency deviation. Note 
that when the rotational speed reaches a pre-established maximum or minimum limit, the wind turbine 
is not able to contribute further to the inertial response and it will operate at a speed different from the 
optimum, not extracting the maximum power from the wind. However, it has contributed with additional 
power during the first critical seconds of the frequency variation. Then, in order to reach the optimum 
speed again, the wind turbine will operate oppositely to the frequency primary regulation. Note that 
a quick synchronization method, for instance, a PLL, is crucial in order to ensure quick and accurate 
information on the frequency variation. 


10.3.4 Typical Dimensioning of DFIM-Based Wind Turbines 


In general, DFIM-based variable-speed wind turbines are designed with some typical common char- 
acteristics. First, the number of pole pairs is typically two or three in order to achieve an efficient 
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Figure 10.42 Grid frequency support by inertia emulation added to torque reference 
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machine design. The rated voltage provided at the rotor by the converter is normally chosen as low 
voltage, typically around 690 V, in an effort to reduce the size, price and losses of the converter. Then, 
the rated rotor voltage of the DFIM is chosen to be around three times larger than this voltage. This 
arrangement is deduced from the equations provided by Table 10.1, indicating that the machine can 
operate only under slips +1/3, which means that the operating speed range can only be +1/3 from syn- 
chronism. For this reason, it is not possible to achieve speeds near zero with this reduction of converter 
voltage; however, this is not really required by the application because the wind turbine can only provide 
significant power above a certain minimum speed of rotation, as seen in the earlier section. The start-up 
of the machine from zero speed is not possible in the conventional manner; however, this is not really 
a big drawback and is normally solved without any extra complexity. In addition, this limitation of the 
available slip brings one big advantage, that is, the power transmitted through the rotor and through the 
converter is 1/3 of the stator power (Table 10.1). This means that the converter is not only reduced in 
voltage but also reduced in power, leading to a very economical converter. 

Regarding the stator voltage, it can be chosen as low voltage, similar to the converter voltage, that is, 
around 690 V, leading to a stator and rotor turn ratio of 1/3. For big multi-megawatt wind turbines, this 
stator voltage ratio can lead to operation with stator currents that are too high, leading to nonefficient 
machine designs. Thus, for the highest power scenarios, the manufacturers also tend to design medium 
voltage stators, reducing the required stator currents and reducing the size of the grid connection trans- 
former. However, another transformer of reduced power is also needed for the grid-side converter if this 
solution is adopted. In this latter case, the stator and rotor turn ratios tend to be higher than 1. With regard 
to the rotor currents, if they are too high for the converter in big power wind turbines, a possible tendency 
is still to maintain the low-voltage converter, increasing the current capability by parallelizing convert- 
ers, but not stepping up to the medium voltage. Finally, it must be highlighted that this reduced voltage 
and power converter does not allow the handling of problematic situations caused by severe grid faults. 
Therefore, as will be seen later, special hardware is normally incorporated to address this problem. 


10.3.5 Steady-State Performance of the Wind Turbine Based on DFIM 


Connecting the steady-state performance analysis of the DFIM described in Section 10.2 and the wind 
turbine operation studied in the earlier section, this section presents the most representative electric mag- 
nitudes of a multi-megawatt DFIM, operating in a pitch-regulated variable-speed wind turbine. Thus, the 
control of the wind turbine will impose the P,, = AQ) characteristic of Figure 10.30c. By considering 
that the maximum rotational speed corresponds to a minimum slip of s = —0.2, this yields the input power 
and torque curves as shown in Figure 10.43a. Thus, by evaluating the equations presented in Tables 10.2 
and 10.3, it is possible to derive the steady-state behavior of the wind turbine at two different magne- 
tizing levels, for instance, with Q, = 0 and with i,.=0. Figure 10.43 presents the obtained steady-state 
results. It can be deduced that T,,, and P, are input to the shaft of the DFIM; therefore, both are the 
same regardless of the magnetizing strategy used. Note that the wind turbine application produces the 
highest torques and powers at the higher speeds (minimum slips). Similarly, Figure 10.43b shows how 
the input power is distributed between the stator and the rotor, depending mainly on the slip. Stator and 
rotor reactive powers are shown in Figure 10.43c and d. 

By magnetizing the DFIM through the stator, it can be seen that this machine requires constant Q, = 
0.25 pu. With regard to the stator and rotor current modules of Figure 10.43e and f, it can be seen that 
they follow a very similar evolution to the input torque or power as shown in Figure 10.43a; higher input 
torques demand higher current modules. It can also be noticed that magnetizing the machine through the 
stator (ij, = 0) requires higher stator currents and smaller rotor currents than magnetizing the machine 
through the rotor (Q, = 0). Therefore, as seen in Figure 10.43h, for this specific machine, this implies bet- 
ter efficiency by magnetizing through the stator. Finally, the required rotor voltage amplitude is depicted 
in Figure 10.43g. Generally, it can be seen that the higher the slip in the module, the higher the required 
rotor voltage amplitude is, being almost zero at synchronism (s = 0). Neither magnetizing strategy 
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Figure 10.43 Steady-state most representative magnitudes in pu of a multi-megawatt pitch-regulated variable-speed 
wind turbine with Q, = 0 and i}, = 0 magnetizing strategies 
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produces a high difference of rotor voltage demand; however, for this specific example, the dimensioning 
of the converter in terms of the voltage is established by the operating point at slip s = 0.4. 


10.3.6 Analysis of DFIM-Based Wind Turbines during Voltage Dips 
10.3.6.1 Understanding the Loss of Control during Grid Voltage Dip 


Voltage dips are known as sudden drops of grid voltage, caused by contingencies or faults occurring 
in the electricity grid. The study presented in this section focuses only on symmetric voltage dips and 
does not address asymmetric dips. When a voltage dip is seen directly by the stator of the DFIM, it is 
necessary to analyze the behavior of the stator flux in order to understand the difficulties derived from 
the perturbation caused by the dip. Thus, combining expressions (10.23) and (10.26) and removing the 
stator current, the following interesting expression is derived: 


dy, s Ras . Laos 
Pa Ti - PRET 
Tai Ai i T 


(10.58) 


It can be noticed that when the sudden voltage dip occurs, the stator flux cannot evolve to its final 
steady state as quickly as the stator voltage. Each phase of the stator flux evolves as the sum of a sinusoid 
(permanent and is not extinguished) and an exponential (also known as natural flux) with time constant 
L,/R, (which can be a few seconds). The term of the rotor current can make the flux decay more quickly 
(with rotor currents in contra-phase to the stator flux), as illustrated in Figure 10.44. Note that the rotor 
current is vector controlled by means of the rotor-side converter if control has not been lost. 

On the other hand, it is useful to modify the equivalent electric circuit of the DFIM, as seen in Section 
10.1.3, to a more compact equivalent circuit. For that purpose, from expressions (10.23)—(10.26), it is 
possible to achieve the following equation, which leads to the circuit as shown in Figure 10.45a: 


i= (3i -j v:) o =r a> 
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It can be seen that the rotor current is established as a function of the stator and rotor voltages, the 
stator flux (is also rotor current dependent), and the equivalent resistances and inductances. Therefore, 
the space vector diagram at subsynchronous speed is as depicted as in Figure 10.45b. The sum of the 
dominant terms vw and jont, must match approximately with vi 

Thus, when the machine operates at some point at steady state and a sudden stator voltage dip occurs, 
the sudden change in the stator voltage should be accompanied by a sudden rotor voltage change in order 
to prevent a high increase in the rotor current. Note that because the stator flux decreases slowly (several 
cycles depending on the machine), as seen in Figure 10.44, the required rotor voltage will be higher 
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Figure 10.44 Stator flux evolution in pu during an 80% voltage dip 
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Figure 10.45 (a) Equivalent circuit of the DFIM for the analysis of voltage dips and (b) space vector diagram at 
subsynchronism in a generator mode 
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Figure 10.46 Evolution of the space vector magnitudes from the first instant when the stator voltage is reduced until 
the steady state reached at the dip 


than at steady state, owing to the perturbation caused by the voltage dip. This is illustrated graphically 
in Figure 10.46. After some cycles, the new steady state can be similar to that of the moment prior 
to the dip, but with magnitudes of lower amplitude owing to the stator voltage decrease, which also 
leads to a lower T m and Q,. It should be noted that in order to not lose the control keeping the rotor 
currents within safe limits (no high increase), it is necessary to have an exceptionally higher rotor voltage 
amplitude, especially at the beginning of the voltage dip. The most unfavorable case would be when the 
stator voltage dip is 100%, requiring that the rotor voltage must replace totally the stator voltage that has 
disappeared. Unfortunately, as seen in earlier section, the typical dimensioning of the converter supplying 
the rotor can only provide a maximum of approximately 1/3 of the stator voltage. Therefore, owing to a 
rotor voltage limitation (converter limitation), these types of wind turbine cannot guarantee that during 
severe voltage dips the rotor current will be maintained within its safe limits, without losing the control. 
Generally, because of this voltage limitation, wind turbines based on DFIM incorporate an additional 
crowbar protection that solves these problematic severe voltage dips. It must be highlighted that very 
similar situations occur at hypersynchronous speeds and also with asymmetrical voltage dips. Therefore, 
it can be concluded that after a severe voltage dip, during the time the stator flux evolves, there is typically 
a short period when control is lost, which normally produces overcurrents at the stator and rotor of the 
machine, until the flux reaches one level at which the available converter voltage can guarantee the control 
of the machine. As said before, in order to protect the system against the overcurrents provoked by the 
loss of control, a crowbar protection is activated that simultaneously accelerates the flux evolution, while 
trying as quickly as possible, to recover control with the converter. 
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Figure 10.47 (a) System equipped with three-phase DC crowbar protection and (b) one phase equivalent circuit of 
the system when the crowbar is activated 


10.3.6.2 Performance during Severe Grid Voltage Dips 


As seen in the previous section, during significant voltage dips, the system needs a crowbar for protection 
from the overcurrents and overvoltages caused by the loss of control during the dip. In DFIM-based wind 
turbines, the crowbar is installed at the rotor terminals, as shown in Figure 10.47a, which prevents damage 
to the rotor converter. It is activated when one anomalous situation is detected. The rotor current is then 
diverted to the crowbar and the rotor converter is switched off. Figure 10.47b shows the equivalent circuit 
of the system using the rotor model deduced in the earlier section. As can be seen, when the crowbar is 
activated, the circuit becomes an impedance divider. In Figure 10.47a, the crowbar comprises a rectifier, a 
controlled switch and a resistance. There are several alternative crowbar topologies to the crowbar shown 
in this figure. 

As demanded by the grid codes, in order to provide low voltage ride-through (LVRT) capability, the 
wind turbine must remain connected during the voltage dip; therefore, the crowbar must be activated 
and deactivated without disconnecting the DFIM from the grid. In this way, the sequence of events that 
typically occurs during severe voltage dips can be summarized as follows: 


1. The DFIM is generating power at steady state at one specific operating point. 
2. When the voltage dip occurs, there are a few milliseconds (typically 0.5-5) until the wind turbine’s 
control detects the dip. Thus, during this period the system cannot guarantee control and, in general, 
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there is a high rise of currents through the rotor converter, which also provokes a DC bus voltage 
increase. The dip is detected by supervising the following anomalies: 

(a) overcurrent in the rotor, 

(b) overvoltage in the DC link, 

(c) grid voltage drop, detected by PLLs or synchronizing methods. 

3. Once the dip has been detected, the crowbar is activated quickly, which demagnetizes the machine. 
The rotor converter is inhibited, keeping it safe and ensuring that the entire rotor current circulates 
through the crowbar. Depending on the machine’s design, the time during which the crowbar is active 
can range for several cycles. 

4. Once the flux has decayed and the available converter voltage can control the machine, the crowbar 
is disconnected and the rotor converter in activated again. In general, because at this moment the flux 
has not been totally damped, it is preferable to contribute to the total stabilization of the stator flux by 
injecting demagnetizing rotor currents by control. At the same time, as demanded by the grid codes, it 
is possible to provide progressively reactive power through the stator by increasing the corresponding 
d rotor current component. This situation will last until the grid voltage is progressively recovered, 
the fault is cleared, and normal operation is resumed. 


This behavior is shown by means of a simulation-based example of a multi-megawatt wind turbine, 
which is affected by an 80% symmetric voltage dip. The control philosophy applied to the wind tur- 
bine is as studied in this chapter, that is, vector control, as shown in Figure 10.13. Hence, Figure 10.48 
illustrates the most representative electric magnitudes of the DFIM during the dip. Once the dip occurs, 
the rotor-side converter is inhibited owing to the quick overcurrent detected in the rotor. At the same 
instant, the crowbar is activated, connecting the additional resistance path in the rotor and damping the 
big energy fluctuation of the machine. During the first instants of the dip, large torque and peak stator and 
rotor currents occur. After few milliseconds, the crowbar can be disconnected and at the same instant, 
the rotor converter is activated, which injects demagnetizing currents through the rotor, at the same time 
as injecting stator capacitive reactive power in ramp. Note that at approximately time instant 0.175 s, the 
stator and rotor current is at rated value, but Q, is —0.2 owing to the voltage decrease in the grid. Finally, 
it must be highlighted that the DC bus voltage normally suffers a transient because the grid-side converter 
is also affected by the dip. If the connection time of the crowbar is low, this transient phenomenon could 
be more significant. 

In addition, it could happen that the voltage dip is not sufficiently deep to activate the crowbar. Under 
that situation, the converter alone can control the system without the need of the crowbar protection. 

The resistance of the crowbar Roy must be chosen carefully. In general, it can be selected by a 


simulation-based analysis that attempts to find a compromise between the following aspects: 


e If avery low value is chosen, the current during the dip will be very large. Thus, the crowbar elements 
should be oversized and the electromagnetic torque will present a big peak. 

e The rotor current can be reduced by using a higher resistance. However, if the resistance is too big, the 
crowbar will not pull the rotor voltage low enough and the rotor current will circulate across the rotor 
converter via its freewheeling diodes, even if it is inactive, increasing the DC bus voltage. Therefore, 
it is very important that the resistance is sufficiently high that the diodes of the rotor converter do not 
operate, thus allowing the entire rotor current to circulate through the crowbar resistance. 


It must be highlighted that the activation time of the crowbar is another critical parameter of the 
crowbar’s operation. Although the crowbar is connected, the machine is not fully controlled, and it is 
impossible to generate the reactive power that most grid codes demand during voltage dips. On the other 
hand, a premature disconnection, when the natural flux is still too high, might cause saturation of the 
converter or the impossibility of controlling the machine, causing overcurrents in the rotor and DC bus 
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Figure 10.48 Most representative magnitudes of a multi-megawatt DFIM-based wind turbine affected by a sym- 
metric 0.8 depth voltage dip 


overvoltages. The connection time is then a compromise between safety and fulfillment of grid codes. 
Over the past years, the grid codes have toughened their requirements, demanding each year a quicker 
injection of reactive current. 
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11.1 Introduction 


Indirect AC-DC-—AC converters consist of two connected voltage source converters (VSCs) as presented 
in Figure 11.1. The AC-DC-—AC is a connection through a DC-link of two single-phase, three-phase, 
or multiphase AC circuits with different voltage amplitude u, frequency f, or phase angle @. The major 
application of AC-DC-—AC converters is in adjustable speed drives. However, recently, these converters 
have begun to play an increasingly important role in distributed power generation systems (DPGSs) and 
sustainable AC and DC grids. 

There are several possibilities for an AC-DC-—AC converter configuration [1—21]. In this chapter, 
only the most promising bidirectional topologies are presented and discussed. Recently, bidirectional 
AC-—DC-AC converters are available on the market for different voltage levels [1, 2]. 

Both parts of the converter (i.e., AC-DC and DC-AC) can be controlled independently. However, in 
some cases, there is a need for improving the control accuracy and dynamics. Therefore, it is useful to 
use an additional link between both control algorithms, which operates as an active power feedforward 
(APFF). The APFF gives information about the active power on one side of the AC-DC-—AC converter 
to the other side directly, and consequently, the stability of the DC voltage is improved significantly. 


11.1.1 Bidirectional AC-DC—AC Topologies 


There are several configurations possible for three-phase to three-phase AC-DC-AC full-bridge con- 
verters, which can connect two AC systems. The most popular is a two-level converter, as shown in 
Figure 11.2(a), which is used mostly in low voltage and low-power or medium-power applications, 
for example, adjustable speed drives. On the other hand, three-level diode-clamped converters (DCCs) 
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Figure 11.1 AC-DC-AC indirect converter (a) general block scheme (b) photo of commercially available 
AC-DC-AC converters manufactured by TWERD type: MFC810ACR, (c) photo of commercially available 
AC-DC-AC converters manufactured by ABB type: PCS6000 [1, 2] 


[11-12] and flying capacitor converters (FCCs) [4, 6, 7] (Figure 11.2(b and c)) are becoming increasingly 
popular, but usually in the medium-voltage range for medium- and high-power applications [4], for 
example, marine propulsion, renewable energy conversion, rolling mills and railway traction. There are 
several advantages of multilevel converters, such as lower voltage stress of components, low current and 
voltage, total harmonic distortion factor and reduced volume of input passive filters. The main differences 
among the mentioned multilevel topologies are as follows [4]: 


e DCC is the most popular topology and needs fewer capacitors. However, for higher voltage levels, it 
requires serially connected clamping diodes, which increases the losses and switching losses. In addi- 
tion, for higher voltage levels, the DC capacitor voltage balancing cannot be achieved with classical 
modulations. 

e FCCis less popular because it needs initialization of the FC voltage, and higher switching frequency is 
required (greater than 1.2 kHz, whereas for high-power applications the switching frequency is usually 
between 500 and 800 Hz) in high-power applications because of the FC limits, that is, capacitance 
versus volume. 


Another group of AC-DC-AC converters are simplified topologies obtained by reducing the num- 
ber of power electronic switches [8—10]. These attempts were based on the idea of replacing one of the 
semiconductor legs with a split capacitor bank and connecting a one-phase wire to its middle. In sim- 
plified topology, the lower number of switching devices, compared with that of a classical three-phase 
converter, corresponds to a reduced number of control channels and insulated-gate bipolar transistor 
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Figure 11.2 Fully controlled three-phase/three-phase, transistor-based AC-DC-AC converter: (a) two-level 
(2L-3/3), (b) three-level DCC (3L-DCC-3/3) and (c) three-level FCC (3L-FCC-3/3) 
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Figure 11.3 Simplified AC-DC-AC converters: (a) two-level three-phase/one-phase (S2L-3/1) and (b) two-level 
three-phase/three-phase (S2L-3/3) 


(IGBT) driver circuits. Thus, connecting a three-phase AC system to a single-phase AC system is pos- 
sible by using a single-standard three-leg integrated power module as the AC-DC-AC converter, as 
shown in Figure 11.3(a). 

The same concept can be used to simplify an AC-DC-—AC converter by connecting one three-phase 
system to another using only one additional leg, as is shown in Figure 11.3(b). Despite the advantages 
of these solutions, there is a necessity to develop new modulation techniques and to keep the DC voltage 
significantly high in order to maintain all nominal phase-to-phase converter voltages, which places higher 
voltage stress on the converter semiconductor devices. 

This problem can be solved by application of a three-level DCC. When this technology was emerging 
in industry, not a single integrated power module product for three-level devices was available. Today, 
manufacturers are selling easy-to-use integrated half-bridge power modules with clamping diodes. New 
compact devices make it easier to improve the topology with a split capacitor in the DC-link. Thus, 
the improved topology of a simplified AC-DC-—AC converter is shown in Figure 11.4, for applications 
of three-phase to single-phase, as well as for three-phase to three-phase systems. The first topology is 
dedicated only to low-power applications, whereas the second is devoted to low- and medium-power 
applications. 

The simplified three-level DCC has several advantages compared with that of a simplified two-level 
topology [13]: reduction of machine torque pulsations (mechanical stress in cases where generator/motor 
application is decreased), additional zero vectors, and reduction in size of passive filters on the AC side. 


11.1.2 Passive Components Design for an AC-DC—AC Converter 


This section is devoted to the methods of passive components of an AC-DC-—AC converter design. 
Among them, there are input filters (L or LCL), DC-link capacitors, and flying capacitors (FCs), which 
have a significant impact on the size, weight and final price of the AC-DC-—AC converter. 


11.1.3 DC-Link Capacitor Rating 


In the literature, many design procedures [17—20] for DC-link capacitors are presented, where the min- 
imum capacitance value is designed to limit the DC-link voltage ripple at a specified level. With the 
assumption of a balanced three-phase system and of ideal power electronics switches, the DC capacitor 
current can be expressed as: 


dUbc 2 Proad 
Coc die Toc = Towa © > DSe 7 U 
k=A DC 


(11.1) 
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Figure 11.4 Simplified DCC AC-DC-AC converters: (a) three-phase/one-phase (S3L-DCC 3/1) and (b) three- 
phase/three-phase (S3L-DCC 3/3) 


where Cpe is the capacitance of a DC capacitor, Upc is the DC voltage, Jpc is the DC current, J,,,4 is 
the load DC current, A, B, and C are letters of AC circuit phase, 7,, and S, are the AC circuit phase 
instantaneous current and switching states at the appropriate phases, respectively, and P,,,, is the load 
active power in DC. The selected approach of the calculation of the DC capacitors is focused on the 
following constraints: 


e The voltage ripple, because of the high-frequency components of the modulated DC currents of both 
AC-DC and DC-AC converters, has to remain within desired limits, 
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Figure 11.5 Value of the DC capacitor versus rated power up to 55 kW (Equation 11.4) 


e The capacitor energy has to sustain the output power demand for a period equal to the time delay of 
the DC voltage control loop. 


The final constraint determines the capacitor value. By assuming that Tyr is a time delay of the DC 
voltage control loop, and that AP oad max 18 @ variation of the maximal load power, the energy AW, 
exchanged by the DC capacitor can be estimated as: 


AWoc = Tyr AP oad max qd 1.2) 


Where Tyr is the sum of small time constant. From this equation, the maximal DC voltage variation 
during maximum power change is proportional to energy change: 


AWoc 
AU i — 11.3 
Pem © DC Coc min i i 


where A Upc max is the considered maximum DC voltage change within the transient load and Cpe min 
is the minimum DC capacitance. Taking into account the maximal voltage variation A Upc max and by 
rearranging Equation 11.3, the minimal capacitance can be calculated as [20]: 


TAP 


load_max 
Coc inn pe Ae (11.4) 
p Upc AU pc max 


The minimum DC capacitance value in an AC-DC-—AC converter with respect to different nominal 
powers is presented in Figure 11.5. Therefore, it can be assumed that for given nominal power, the DC 
capacitance depends mainly on the switching pattern of the AC-DC converters and on the quality (accu- 
racy and dynamics) of the applied control method for the AC-DC-—AC converter, that is, for a shorter 
sampling time T , the DC capacitance would be lower because the DC voltage regulation accuracy is 
improved. However, it should be noted that the switching frequency is limited by the switching losses of 
the power electronics devices applied in the AC-DC-—AC converter. 
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11.1.4 Flying Capacitor Rating 


FC capacitance, assuming sinusoidal converter output voltages and currents, can be calculated as [21]: 
vf 
ee (11.5) 


where Jpys 18 the RMS phase current flowing through the FC, AU, Cre is the assumed maximum voltage 
ripple across the FC and f,,, is the frequency of changes of the switching states (charging and discharging) 
applied to the FCC, which are used for FC balancing. It is important to note that f,,, is not the same as the 
switching frequency, because the frequency of changes of the switching states applied to FCC depends on 
the type of modulation and, in the case of FC balancing, is typically a multiple of the switching frequency 
by a factor 0.5, 1 or 2. 


11.1.5 Land LCL Filter Rating 


An AC-—DC-AC converter is connected to the grid through an AC filter (e.g., L or LCL). The inductance 
allows current control by the voltage drop on itself. In order to obtain better reduction of current ripples, 
the LCL T-type filter has been introduced. 

For the LCL filter to fulfill the grid codes, or recommended practices for example, IEEE 519-1992 [21, 
22] a variety of optimization criteria exist, such as minimum costs, losses, volume, weight, or design. 
However, it is a complex task because many parameters influence this process, for example, DC-link 
voltage level, phase current, modulation method, modulation index, switching frequency, fundamental 
frequency, and resonance frequency. Therefore, the design can be done using two different methods: 


e simple trial-and-error method, which has to be supported by simulation to prove that the grid codes 
are fulfilled (simulation has to take into account all elements of the system), 

e complicated iterative, which calculates directly the filter parameters fulfilling the grid code; however, 
detailed information is required regarding many parameters, for example, modulation method and 
modulation index [24, 25]. 


A general algorithm of a simple trial-and-error filter design is presented in Figure 11.6. The starting 
point for the design procedure is usually assumptions of the converter’s rated power, grid, and switching 
frequencies. Those parameters allow the calculation of base values (base impedance Z}, capacitance Cp 
and inductance Lg): 


Ui 
Z = 11.6 
e= g (11.6) 
1 Zg 
G= ; h= — 11.7 
ATR (11.7) 


where U,, is the line-to-line grid voltage and œ, = 2zf, is the grid voltage pulsation. 

The first step is the design of the filter inductance. This should be designed carefully because a large 
inductance value may, by itself, attenuate higher frequencies and limit current ripples. On the other hand, 
it brings many disadvantages, such as greater inductor size, a decrease in the converter’s dynamics and a 
smaller range of operation. The operation range is limited through the maximum reachable voltage drop 
across the inductance. It is dependent indirectly on the DC-link voltage. Thus, in order to achieve a large 
current through the inductance, a high DC-link voltage level or low input inductance is needed. 
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Figure 11.6 General design algorithm of low-pass LCL filter where L, is the converter-side inductance, L, is the 


grid-side inductance LCL filter, U, is the converter RMS voltage, and I p—piipp is the peak-to-peak ripple current 


The maximum total inductance of the input LCL filter may not be larger than [14]: 


U2 
DC 2 
V 3 Um 


L, +L, < ——_——_ (11.8) 
OL mn 
where U,, is the grid maximum voltage value and /,,, is the grid current maximum value. 

In addition, the total value of the LCL filter inductance should be lower than 5% of the base impedance 
value, in order to limit the voltage drop during normal operation and to achieve excellent dynamics 
and reasonable cost [14, 26]. Based on the IEEE 519-1992 limitations and the assumption that peak 
ripples must not exceed 10% of the grid current, the converter-side inductance L, can be calculated, 
as shown in Figure 11.6 [14, 23]. Typically, the converter-side inductance L, is larger than the grid-side 
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inductance L, in order to attenuate most of the current ripple. In this case, a split factor r, given by Liserre 
et al. [26]: 


r= 2 (11.9) 


is set by the desirable ripple attenuation described as: 


TAs) 1 
m (11.10) 
TAs) |1 +r — 4r?)L Cf2,| 


where I, (h,,,) is the grid higher harmonics current and I, (h,,,) is the converter higher harmonics current. 

In order to limit the harmonic currents absorbed by the filter, the capacitor is limited to 5% of the 
reactive power absorbed at rated conditions (base capacitance) [26]. Therefore, the final capacitance of 
the LCL filter (Y-connected) cannot be larger than as presented in Figure 11.6. In the case of just an L 
filter, the value of the inductance can equal L, + L, = L. 

Another constraint in the design process of the LCL filter is an obligation to maintain the resonance 
frequency f,., between 10 times the line frequency f; and one-half of the switching frequency fọ [14, 
26]. These limits guarantee that there will be no resonance problems in both the lower and higher parts 
of the harmonic spectrum. The actual resonance frequency of the LCL filter may be calculated as in 
Figure 11.6. 


11.1.6 Comparison 


Table 11.1 presents a comparison of selected classical AC-DC-—AC converter topologies: two-level 
three-phase/three-phase converter (2L-3/3); three-level three-phase/three-phase DCC converter 
(3L-DCC-3/3); three-level three-phase/three-phase FCC converter (3L-FCC-3/3), and simplified 


Table 11.1 Comparison of selected AC-DC-—AC converter topologies 


I ow m vo v VI VII 
2 2 
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“Simplified converter only between transistors legs. 

Including one standard electrolytic capacitor in DC link and six floating capacitors designed for rapid discharging. 
I, Total number of IGBT transistors; II, Number of independent diodes/number of capacitors; IN, Total number of 
converter states; IV, DC voltage level in p.u. in comparison to 2L-3/3; V, Blocking voltage for transistors in p.u. 
in comparison to 2L-3/3; VI, Minimum voltage level step change; VII, total L filter inductance for all phases. 


328 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


topologies with reduced number of transistors: simplified AC-—DC-—AC two-level converter 
three-phase/one-phase (S2L-3/1), and three-phase/three-phase (S2L-3/3); simplified DCC AC-DC-AC 
converter three-phase/one-phase (S3L-DCC 3/1), and three-phase/three-phase (S3L-DCC 3/3). 


11.2 Pulse-Width Modulation for AC—DC-—AC Topologies 


Pulse-width modulation (PWM) for AC-DC-—AC converters can be divided into two groups, depending 
on the single-phase or three-phase topology of the converter. The space vector modulation (SVM) tech- 
niques for the different topologies of classical single-phase H-bridge AC-DC VSCs have been presented 
in Chapter 23. In this section, only the SVM techniques for the following are presented: 


classical three-phase two-level converter 

classical three-phase three-level converters: DCC and FCC 
simplified single-phase and three-phase two-level converter 
simplified single-phase and three-phase three-level DCC 


Modulation techniques for VSCs are responsible for the generation of average output voltage (rep- 
resented by different widths of short voltage pulses) equal to reference voltage with proper balancing 
of the additional DC voltage sources for multilevel converters. Depending on the VSC topologies and 
switching frequency, numerous PWM techniques can be listed [27, 28]. Among them, two types of PWM 
are used most often: carrier-based PWM (CB-PWM) and SVM. However, recent advances and the con- 
stant development of digital signal processing systems (allowing high-precision digital implementation 
of complex control algorithms) has meant that SVM has gained a superior position in research and indus- 
try. The digital implementation of SVM is characterized by its simplicity. Furthermore, classical SVM 
with symmetrical switching placement is equivalent to CB-PWM with an additional 1/4 peak amplitude 
triangular zero sequence signal (ZSS) of the third harmonic frequency [29]. 

SVM is based on a single- or three-phase circuit representation in a stationary rectangular coordinate 
system using space vector (SV) theory. The reference SV Ue = U, + jU, is described by its length and 
its angle: 

Ug ref 


2 
Uy ref 


U, 


ref 7 


+ Wet Pm = arctan (11.11) 


Up ref 

where Ua ref ANG Up og are the a and # components of U,,; in a stationary rectangular coordinate system. 
To calculate the duration of the VSC switching states, a value of the modulation index is indispensable, 
which is proportional to the SV length with respect to the DC-link voltage. Usually, M is defined as: 


TU ef 
M= (n—1) (11.12) 
2 DC 


where n denotes the number of VSC output phase voltage levels. The allowable length of vector Up 


for each @,, angle in the linear operation range is given by Uet = D. Therefore, the linear modulation 


range of an n-level VSC is limited to: 
M = 0.907(n — 1) (11.13) 


which is the maximal converter linear range of operation [30]. 


11.2.1 Space Vector Modulation for Classical Three-Phase Two-Level 
Converter 
Table 11.2 presents all possible switching states for a single leg of a two-level VSC (see Figure 11.2(a), 


generating output pole voltage u,, between the phase terminal u, and the DC-link “N” terminal Upc. 
where x is the leg indicator. 
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Table 11.2 Switching states for single leg of the two-level VSC 


States S Uxp =u,- Uncen 
0 OFF 0 
1 ON Upc 


Because the three-phase system is assumed symmetric, the Clarke transformation from natural abc 
into a stationary af coordinate system can be used. Figure 11.7(a) shows a graphical representation of 
the SV ap voltage plane with possible output voltage vectors of the three-phase two-level converter. All 
voltage vectors are described by three numbers, which correspond to the switching states in leg a, leg 
b, and leg c, respectively. A three-phase two-level converter provides eight possible switching states, 
comprising six active (100, 110, 010, 011, 001, and 101) and two zero switching states (000 and 
111). The active vectors divide the plane into six sectors, where reference vector Up is obtained by 
switching on (for proper time) two adjacent vectors. It can be seen that vector U ef (see Figure 11.7(b)) 
can be implemented by the different ON/OFF switch sequences of V, and V,, and that zero vectors Vo 
and V; decrease the modulation index. 

Reference vector U „p used to solve equations that describe times T,, T,, Tọ, and T}, is sampled 
with fixed sampling frequency fs = 1/T,. Digital implementation is described with the help of a simple 
trigonometric relationship for the first sector 11.14: 


2V3 


T 


24/3 


T,= MT, sin(=—@,). T, = MT, sing, (11.14) 
T 

and is recalculated for the following sectors (from 2 to 6). After the T, and T, calculation, the residual 

sampling time is reserved for zero vectors V) and V} with condition T, + T, < T,. Equation (11.14) 

is identical for all variants of SVM. The only difference is in the different placement of zero vectors 

V(0 0 0) and V,(1 1 1). This gives different equations defining Tọ and T, for each method, but the 


total duration time of the zero vectors must fulfill the following conditions: 
T, —T, —T, =T)+T, (11.15) 


The most popular SVM method is modulation with symmetrical zero states’ space vector PWM 


(SVPWM) where: 
T; — T, —T, 


2 


Figure 11.8 shows gate pulses for and the correlation between time Toy, Topp, and the duration of 
vectors V,, V2, Vo, and V}. For the first sector, commutation delay can be computed as: 


a ae (11.16) 


To 0 
Tan = 3” Tor = 5 +1 + Th 
To To 
Ton = > +r Tyopp = 7 +T, 
Toy = 847, 4T, Ton = (11.17) 
c,ON 7T 2 1 2? c,OFF 7 2 i 


For classical SVM, times 7,, T,, and T) are computed for one sector only. Commutation delay for the 
other sectors can be calculated with the help of a matrix: 


Sector 1 |Sector 2 |Sector 3 |Sector 4 |Sector5 |Sector 6 0ST 
EOJ |100 101 111 111 110 100 i (11.18) 
BONIH 110 0 100 101 111 111 | f 
1 


T 11 
c,ON Lid jit 110 100 100 101 2 
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Figure 11.7 Space vector representation of three-phase two-level converter: (a) the af voltage plane and (b) sector 
1 with representation of U ef 


T Sector 1 |Sector 2 |Sector 3 |Sector 4 |Sector 5 |Sector 6 0ST 

oo | 111 110 100 100 101 111 Tr (11.19) 
aie |101 111 111 110 100 100 l l 
SORE 100 100 101 111 111 110 2 
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Figure 11.8 Vector placement in sampling time for three-phase SVM (SVPWM, To = T}) in sector 1 


11.2.2 Space Vector Modulation for Classical Three-Phase Three-Level 


Table 11.3 Switching states for single leg of the three-level 


DCC 

States Six Say U,p = Uy = Ube 
0 OFF OFF 0 

1 OFF ON e 

2 ON ON 


States Six Sox Ux = Uy — Uncn 

0 OFF OFF 0 

1 ON OFF Upc — Vecx 
OFF ON VeEcx 

2 ON ON Upe 


Converter 


Tables 11.3 and 11.4 present all possible switching states for the single leg of a three-level DCC and FCC 
(see Figure 11.2(b and c)), respectively, generating output pole voltage u,„ between the phase terminal 
u, and the DC-link “N” terminal Upc n» where x is the leg indicator. 

Figure 11.9 shows a graphical representation of the SV af voltage plane with possible output voltage 
vectors of the three-phase three-level converter, which is constructed from the main switching states: 0, 


1, and 2. 
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Figure 11.9 The af voltage plane for three-phase three-level converter 


For the three-phase three-level VSC, the 27 voltage vectors can be specified as follows: three zero 
vectors (000, 111, and 222); 12 internal small-amplitude vectors (100, 211, 110,221, 010, 121, 
011, 122, 001, 112, 101, and 212); six middle medium-amplitude vectors (210, 120, 021, 012, 
102, and 201); six external large-amplitude vectors (200, 220, 020, 022, 002, and 202). 

The external vectors divide the vector plane into six sectors (see Figure 11.9), which is similar to the 
two-level VSC. However, for the three-level VSC, each sector is divided into four triangular regions. 
Figure 11.10(a and b) shows that the first sector is divided into four regions with all possible switching 
states for the DCC and the FCC topologies, respectively. As FCC switching state 1 can be divided into two 
redundant switching states: A and B (see Table 11.4, highlighted in Figure 11.10(b)), for this topology, 
the number of possible switching states increases to 64. 

Conventional SVM for multilevel VSC is based on the assumption that for the generation of reference 
vector Ue all possible nearest vectors, including their redundant states, are used (V,, V, and V, in the 
first; V}, V}, and V; in the second; V5, V}, and V; in the third; and finally, Vo, V} , and V; in the fourth 
region) with symmetrical placement of the zero and internal vectors. 

The calculation of the region number of the location of the reference vector U ep and switching times 
is based on two additional factors called the small modulation indices (m,, m,). Index m, and m, are the 
projection of the reference vector on the sector sides, limited by the external vectors (see Figure 11.10). 
According to the trigonometric dependence, the small modulation indices are calculated as follows: 


sin sin 
m, =u (cove ee), m, = 2M — Pm (11.20) 


v3 v3 


In each sector, calculations are carried out to achieve vector switching times that are the same and 
where the difference is only in the power switch selection for the gating signal. Thus, the reference vector 
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Figure 11.10 First sector with all possible switching states for (a) DCC and (b) FCC topologies 
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Table 11.5 Calculation of region number and switching times 


Conditions Region Switching times 


m,>1 First T = -DT T, =m T, Ty = (2 -m — m,)Ty,T) = T; = Ts = 0 
m <1,m,<1,m,+m,>1 Second T, = (m, + my — 1)Tg, T; = (m — ITs, T; = (1 — m, )Tg, 

Ty) =T, =T; =0 
m >l Third T, = m Ts, T3 = (my — 1)Tg, T; = (2 - m - m )Ts. Th =T = Ty = 0 
m <l,m, <1l,m +m,<1 Fourth Ty = m Ts, T; = m Ts. Ty = (l -m -m )Is, Ti = 1", = T, = 0 


is normalized to the first sector and after evaluation of the vector switching times, a proper transistor 
switching sequence is created for the reference position. Table 11.5 presents the calculation of the region 
number and switching times with respect to m, and m,. 


11.3 DC-Link Capacitors Voltage Balancing in Diode-Clamped 
Converter 


Proper operation of the DCC requires that the voltage on each DC-link capacitor is stabilized on !/,U yc. 
Unbalance in the DC-link gives inequality of redundant-internal vectors and distortions in middle vectors. 
In such cases, the generated voltage is different from the reference. In the DCC, the balancing of the 
DC-link capacitors depends on the switching states in all phases. When the phase is clamped to the 
neutral point of the DC-link (e.g., switching state 1 is chosen), it introduces additional current flowing 
from or to the neutral point. Consequently, inequalities occur in the charging and discharging of the 
DC-link capacitors. Other sources of imbalance in the capacitor voltages are asymmetries in the system: 


e propagation of nonlinear IGBT gate signals (e.g., different IGBT ON/OFF times), 
e equivalent series and parallel resistance of DC-link capacitors, 
e differences in electrical parameters, such as each leg semiconductor devices and connection points. 


It can be observed that selection of redundant-internal small-amplitude vectors always causes clamping 
of one or two phases to the neutral point of the DC-link. For example, when internal small-amplitude 
vector V, (redundant switching states 100 and 211) is chosen, this means that phase a is clamped to 
the neutral point of the DC-link for T,/2, and for the same time, phases a, b and c are clamped to the 
neutral point of the DC-link. Therefore, an additional controller (proportional or proportional-integral 
(PD) can be introduced, which depending on the imbalance in the capacitors voltages will change the 
time division between the redundant-internal small-amplitude vectors. In this simple way, the balancing 
of the capacitor voltages will be ensured without increasing losses. 

For proper balancing of DC-link voltages based on the additional controller, the information on the 
difference between the capacitor voltages is insufficient [31, 32]. The second factor needed is the energy 
flow direction. The energy flow direction decides whether a selected redundant-internal small-amplitude 
vector will charge or discharge one of the DC-link capacitors. Therefore, the sign of the energy flow 
direction k should be used to determine the sign of the additional controller input error between the 
DC-link capacitor voltages. If we assume that internal small-amplitude vector V, is used to balance the 
DC-link voltages with a proportional controller, the ratio of T} charging time division of Cyc, (Ty_pc1) 
and Chez (T4_pco) is inversely proportional to the ratio of Upc, and Upc voltages with the sign of the 
energy flow direction k: 


1+k 1-k 1+k 1-k 
Upc ~ = Upc = z Ubo Upc — = Upo = Fc 
na = I Teen =y Tg (11.21) 
DC DC 
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where T, = Ty_pc, + T4-pc2- Because of the sampling period, both of the DC-link capacitors during the 
calculated time T, will be charged or discharged. In the case of a PI controller in the aforementioned 
example, the ratio of T, charging time division will be the controller output signal. 

Determination of the energy flow direction k in the case of machine-side VSC (MC) can be done by the 
determination of one of the following quantities [33]: instantaneous active power puc,» electromagnetic 
torque m,, torque angle ø, or current vector to voltage vector angle 0,,.. Choosing the appropriate quantity 
to use in the modulation algorithm depends on the purpose of the converter and the availability in the 
control. The active power consumed/produced by the MC can be estimated simply from the reference 
converter voltages U,, and U,, (reconstructed from switching states) and the actual stator currents Isy, Zy: 


3 
Puc = 5 Us Ue + boy Ue) (11.22) 


The sign of the power will define the operating mode of the converter: inverter or rectifier, that is, 
whether the energy is flowing from the capacitors to the motor, or vice versa. A similar procedure of 
calculation is used for electromagnetic torque m,, which is the result of the vector product of stator flux 
, and the stator current y component Ig: 


m, 
m, = P, > Yslsy (11.23) 


where p, is the number of pole pairs and m, is the number of phases. In this case, the sign of the torque 
multiplied by mechanical speed Q,,, shows the direction of energy flow. In the case of the torque angle o, 
no additional calculation is needed; only the sign of the o is important. Therefore, current transformation 
to the dq stator flux rotating frame and the sign of J, current determines the direction of energy flow. 
Table 11.6 presents the final determination of the direction of energy flow in MC. 

The determination of energy flow direction k in grid-side VSC (GC) is similar and can be done by 
determination of one of the following quantities [33]: instantaneous active power poc, instantaneous 
active current 7}, or current vector to voltage vector angle 6... The active power consumed/produced by 
the grid-side converter can be estimated simply from the reference converter voltages U,, and Up, and 
the actual line currents: 


Poc = 5 (Uc +1;U 5.) (11.24) 


Table 11.7 presents the final determination of the direction of energy flow in the line-side converter. 


Table 11.6 Determination of direction of energy flow in MC 


Parameter Inverter (motoring) mode (k = 1) Rectifier (regenerating) mode (k = —1) 
PMc Puc > 9 Puc <0 
Mos Qn M Qn >0 Mn <0 
o (14) o > 0 > 0) o <0(y <0) 
T T 
fmc fmc < 7 fmc > > 


Table 11.7 Determination of direction of energy flow in GC 


Parameter Rectifier mode (k = 1) Inverter mode (k = —1) 
Poc Poc > 0 Poc <0 
l I, >0 I, <0 


T T 
sc 9Gc < 7 sc > 7 
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Figure 11.11 Switching sequence for DCC reference vector lying in (a) first, (b) second, (c) third, and (d) fourth 
regions in sector | 


Figure 11.11 presents examples of switching sequences for the DCC in sector 1, assuming that the 
ratio of the time division of the internal small-amplitude vector is 1/2. 


11.3.1.1 Flying Capacitors Voltage Balancing in Flying Capacitor Converter 


Proper operation of the FCC requires that the FC voltage Upc, should be half that of the DC-link voltage. 
With this condition, switching state 1 can be divided into two redundant states: 1A and 1B (highlighted 
in Table 11.4, Figure 11.10(b)), which generate the same output voltage Upc, = Upc/2. As the output 
voltage does not depend on the type of selected state, either 1A or 1B can be used for independent control 
of Upc,- However, to decrease the number of commutations, only one state for each phase is chosen in the 
sampling period. For proper FC voltage balancing, only information about the sign of the phase current 
flowing through the FC is needed. Table 11.8 shows the selection between redundant states 1A or 1B 
based on the sign of phase current i, . 

Figures 11.12 and 11.13 present the switching sequence in all regions in sector 1 for different switching 
states 1A or 1B for all phases, respectively. When the selected redundant state 1A or 1B is changed, the 
next modulation period can contain additional switching between sampling periods: two in the second 
and four in the first, third, and fourth regions. These additional switching can damage the converter; all 
switches are changing their state, which can generate overvoltage. To eliminate this phenomenon and to 
provide better switching distribution between particular switches, a modification of the switching pattern 
should be introduced [6] (see Figure 11.14). 
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Table 11.8 Selection of redundant switching state for FC voltage balancing 


Conditions i, >0 i, <0 
U 

Ugs = 1B 1A 
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Figure 11.12 Switching sequence for FCC reference vector lying in (a) first, (b) second, (c) third, and (d) fourth 
regions in sector 1 for 1A state selection in each phase 


11.3.2 Pulse-Width Modulation for Simplified AC-DC—AC Topologies 


Modulation for simplified AC-DC-—AC converters is also realized separately for the DC-AC and 
AC-DC stages. It can be considered in this case as a single-phase modulation for the DC-AC part, as 
shown in Figures 11.3(a) and 11.4(a), or as three-phase modulation for the DC-AC or AC-DC parts, 
as shown in Figures 11.3(b) and 11.4(b). 

Single-phase modulation for two-level DC—AC converters is simple and is described by Equation (11). 
Slightly more complicated is the modulation for a single-phase three-level DC-AC converter [13] shown 
in Figure 11.4(b), because an additional zero state is included (Figure 11.15). 


_ 05U pe tUat 9 


= 
T s (11.25) 
T=T=T, 
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Figure 11.14 Modification of switching pattern in FCC 
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It can be utilized using a universal concept of time-domain duty-cycle computation technique (11.26) 


for single-phase multilevel converters, described as a one-dimensional modulation (1DM) technique and 


presented in Ref. [34]. 
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Figure 11.16 Generalized af voltage plane for three-phase simplified converters: imaginary vectors (dotted line), U, 
vectors achievable with standard DC-link voltage level, U’, vectors achievable with high DC voltage, U rep Teference 
vectors 


Modulation for a simplified three-phase converter requires a different approach than a classical 
topology, because only two reference signals in the abc coordinate system are needed to obtain a 
balanced three-phase voltage output, which implies that a higher voltage must be supplied to the 
DC-link to maintain the reference voltage vector in the linear modulation area (Figure 11.16). 

SVM for a simplified converter is based on a modified transformation from af to ab [35]: 


3 v3 
U, ref j 2 U, + 2 U; 
U, ret = v3 U; (11.27) 


Figure 11.17 shows two cases of a graphical representation of a SV af voltage plane with four achiev- 
able voltage vectors of the three-phase two-level simplified converter shown in Figure 11.3(b). In the 
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Figure 11.17 Space vector Vis, sp) ($a, Sb are defined in Table 11.2) representation of simplified three-phase 
two-level AC-DC-AC converter: (a) sector I (60° < Øm < 150°) and (b) sector I (15° < @,, < 105°) 


first case (Figure 11.17(a)), all active vectors (00, 01, 11, 10) divide the af plane in four sectors: sector I 
(60° < Øn < 150°), sector II (150° < @,, < 240°), sector III (240° < Ø, < 330°), and finally, sector IV 
(330° < Øm < 60°). The reference voltage vector U „p like in classical converters, could be obtained by 
switching two adjacent vectors, but this causes a voltage imbalance on DC-link capacitors. For the first 
sector, switching times can be computed as: 


Ure ; 
T= 05U. Tos cos(30° + @,,)Ts 
Ti, = T; -Tio (11.28) 


The issue of voltage imbalance on DC-link capacitors can be solved by different divisions of the af 
plane (Figure 11.17(b)). The number of sectors does not change, but the sectors are shifted 45° (e.g., 
sector I ( 15° < ø, < 105°)), which gives more vectors forming U e (€-8-5 Vio Vio Vo, in sector I). 


For the first sector, switching state times can be computed as [10]: 
3|U er Une, — U, 
u = T= coslp, — 60°) — T, 2—2 
Upcı + Upc2 


Upc + Upc? 
U, DCI 3l Uis | 


Ty, = Ts; ———— _- T, ————-_ cog, — 30°) 
s 3 Upcı t Ubc2 3 Uci T Une 


V31[U rer 


T. =T Upc T. o 
10 = Ts ———___ - T; ———— cos(9,, — 90°) 
Uper + Ynce Upci + Upc2 
T, =T + Tet Ty (11.29) 


Switching signals for a simplified three-phase, 2-level AC-DC or DC-AC converter (Fig. 11.3(b)) are 
shown in Fig. 11.18. 

Another simplified three-phase converter is the three-level converter, as shown in Figure 11.4(b). A 
graphical representation of the nine achievable voltage vectors in the af voltage plane for such a converter 
is shown in Figure 11.19. 
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Figure 11.18 Switching sequence for simplified two-level AC-DC-—AC converter in each of four sectors 
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Figure 11.19 Space vector V(¢,, sp) representation of three-phase three-level simplified converter 


Eight of them (21, 22, 12, 02, 01, 00, 10, 20) are active and there is a zero vector (11). The reference 
voltage vector U „p like in classical converters, could be obtained by switching two adjacent vectors 
with the use of the zero voltage vector in the middle of the switching period [12]. Switching times for 
the sector I (0° < g,, < 60°) can be computed as: 


6U, V2U, 
OD. = s7 Ts 
Upc Upc 
2 2U; 
nr S 
Ta =T,- Ty, -— Ty (11.30) 


and switching sequences for each of the eight sectors are shown in Figure 11.20. 
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Figure 11.20 Switching sequences for three-level simplified converter in each of the eight sectors 


11.3.3 Compensation of Semiconductor Voltage Drop and Dead-Time Effect 


The voltage drop on semiconductor devices and the dead-time (between pairs of IGBT’s) value distorts 
the phase current. In both cases, it is the result of increased or decreased amplitude (length) U,,, of the 
reference SV, depending on the sign of the phase current, respectively. To avoid that, the voltage drop 
and the dead-time effect compensation algorithms are used. The impact of voltage drop and dead-time 
effect of semiconductor devices on phase current distortion have been well investigated for the classical 
two-level and multilevel converters. These methods can be divided into two groups: 


e modification of amplitude (length) U,,, of the reference SV [6, 36-38], 
e modification of the duty cycles at the output of the modulator [6, 36, 38—40]. 


The solution is slightly more complicated in the case of simplified topologies. Because these con- 
verters use transistors in only two of three phases, the impact of voltage drop and dead-time effect of 
semiconductor devices is more significant, compared with that of classical topologies, owing to the dif- 
ferent lengths of individual vectors. Moreover, these issues in reduced topologies cannot be considered 
as a mature. Therefore, in the following section, only reduced topologies will be considered. 

Currents for ideal models of controlled switches and models including voltage drop on semiconductor 
devices are shown in Figure 11.21. In the other case, the converter currents are distorted significantly. 

The effects of voltage drop on semiconductor devices are compensated by adding a correction to the 
reference signals on the input of the modulator [41]. In order to estimate the values of the voltage drops, 
the phase currents should be predicted for the next switching instant. Values of the predicted current in 
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Figure 11.21 Ideal phase currents (i, igeats 4p ideal 4c,ideal) 20d phase currents including voltage drop on semiconductor 
devices (i, ip i.) 


aand b phases are given by: 


j ; — ty old pri i—i oa 
prea =i, + a a_ol : ie =i, + b_ol (11.31) 
2 2 

where i is the value of the current in the present sample and ¿q is the value of the current in the earlier 
sample. Predicted current values are compared with values calculated from transistor and diode data 
sheets to determine the state of elements in both phases and corresponding voltage drops: 
t t. jä yä Gai 
lon = UcEonGot fon = Urw Goer 


on lon 


pei < jt t . Pt < jä di _ 
tap bon > Uap = Yori lap Sion > Uap = Urw 
„pred > T =U + 1 „pred 
lab lon un — “ CEon GE a,b 
on 
Ba i =U 1 pred 11.32 
> hs > Up = Urw + F -a lab (11:32) 
on 


where i”, and i“! are the currents for the transistor and diode, respectively. Ucgon denotes the voltage 

drop on the transistor CE junction, Upw denotes the voltage drop on the diode, G", and GË, are the 

conductances of the transistor and diode for conduction operation mode, respectively, G" and Ge are 

conductances of the transistor and diode for blocking operation mode, respectively, and finally, Usp and 
us, are the resulting voltage drop for the transistor and diode, respectively. 

Using U, rer and Uy, ,.¢ transformed to the two-phase coordinate system, as in Equation 11.27, a mean 
value of voltage drop pot sampling period is estimated. Assuming that at switching state 1, the phase 
voltage error is u“ ptu ap (Single transistor and a single DCC diode in a branch are conducting) and in 
the remaining states, it is £208, or +2u"", we can write 

| lUžpretl |U a Worres| 


> Dy =l- Dy, 11.33 
a+ T “Upc “Use a0 a+ ( ) 


344 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


i ip com] 5 
la, comp ý P SELE 


Figure 11.22 Phase currents without (i,, i,, 7.) and with (i ) voltage drop compensation 
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the duty cycles for zero states. Therefore, the correcting signals for voltage drop compensation for a leg 
U% (and similar b leg Uy) are: 


-U* = Dn (2vti) — D, (uf + u" 
If sgn(i,) < 0 then a = Daa (va =D, Pan Ma a) 
-Ug a Dg (2v0) — Dar Ug tug) 


US = D i 2 t) D 7 di 4 tr 
If sgn(i,) > 0 then ¢ Ve = Parva) — Darla + Ha) 
US = Dy, (20!) ~ Dy (ul + ut) 


(11.34) 
where sgn(i,) denotes the direction of phase current flow, D, 2 and D p2 are the duty cycles for positive 
and negative voltage output states and D_,, denotes zero voltage. These voltage-correcting signals are 
transformed to the af coordinate system by using the modified transform from Equation (11.27) and 
adding them to the reference voltages for the modulator. Currents with no compensation and with the 
applied compensation method for semiconductor voltage drop only are shown in Figure 11.22. 

Another necessary compensation relates to the influence of the so-called dead time. Because IGBT 
devices turn off much more slowly than they turn on, there is a need for the introduction of a delay in 
control signals between complementary switching devices to prevent short-circuiting the DC-link. This 
effect is more visible for a low modulation index and low-frequency operation [41]. Figure 11.23 shows 
a comparison of phase currents without and with dead time included between complementary switching 
devices. 

Correcting signals for limiting the effect of dead time df are calculated based on current sign and 
saturation level i} 5,7; usually chosen experimentally to take into consideration the noise near the current 
zero-crossing. If phase current polarity, which depends on the measurement noise level as well as on 
the control delays, is not calculated properly, inadequate compensation can worsen the shape of the 
phase current. Therefore, in the range of |i,,,.] < issar the dead-time correction value should be limited 
linearly. An example of a limiting function, modeled by two linear functions marked as 1 and 2, is shown 
in Figure 11.24. 

Because a reduced converter generates voltages that are not equal in length in vector representa- 
tion (Figure 11.19), after obtaining the above correction, it is necessary to choose which switching 
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Figure 11.23 Phase currents without (ig ideal? ip ideal Íc ideal) and with (i,, ip, i.) dead time 


Figure 11.24 Phase current and correction function for dead-time compensation 


combination should not only be increased or decreased, but also multiplied with a scaling constant. 
For long vectors (01 and 10 for the two-level converter and 02 and 20 for the three-level converter), the 
scaling constant is equal to 1/3, but for short vectors (00 and 11 for two-level converter 00, 01, 12, 22, 
21 and 10 for three-level converter), the scaling constant is equal to 1/ V3 . The effect of compensation 
for converters without and with dead-time compensation between the complementary switching devices 
is shown in Figure 11.25. As can be seen, the shape of phase currents 7, and i, is improved mainly near 
the zero-crossing. 


11.4 Control Algorithms for AC-DC-AC Converters 


A typical application of an AC-DC-—AC converter is the interconnection of an electrical machine 
(motor/generator) with the grid. In this case, advanced control methods should be used to obtain 
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high power quality for the grid-side converter (GC) and good energy utilization for the machine-side 
converter (MC). Control of both converters can be considered as a dual problem (Figure 11.26) [42-44]. 
We can distinguish among the most popular control methods voltage-oriented control (VOC) and direct 
power control-space vector modulation (DPC-SVM) for the GC, as well as field-oriented control (FOC) 
and direct torque control-space vector modulation (DTC-SVM) for the MC. All these methods are very 
well described in the literature [42—50]. This section presents the theoretical background of selected 
control methods and gives basic information regarding the design of the controllers. 


11.4.1 Field-Oriented Control of an AC-DC Machine-Side Converter 


The FOC can be divided into direct field-oriented control (DFOC) and indirect field-oriented control 
(IFOC). A simplified block diagram of the IFOC is presented in Figure 11.27. The IFOC seems to be 
more convenient than DFOC, especially for permanent magnet synchronous machines (PMSMs) because 
flux estimation is not necessary. The IFOC needs the coordinate system to rotate synchronously with the 
rotor flux angular speed Qy . In this case, the system of coordinates is oriented with the d rotor flux 
linkage component, such that: 


WOH = Va (11.35) 


All variables are transformed from the natural abc into rotating the dq reference frame. Then, the refer- 
enced stator current values /,,, and Iq: are compared with the actual values of stator current component 
I,, and Isa, respectively. It should be stressed that (for steady state) /,, is equal to the magnetizing cur- 
rent, whereas the torque state, both dynamic and steady, is proportional to /,,. The current errors era 
and er are fed to two PI controllers, which generate referenced stator voltage components U,,, and 
Us... respectively. Furthermore, referenced voltages are transformed from rotating dq coordinates into 
the stationary af coordinates system by using the rotor flux vector position angle Yy, Therefore, the 
obtained referenced voltage vector U, , is delivered to SVM, which generates the appropriate switching 
signals S. 
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Figure 11.26 Space vector control methods for grid-side converter (GC) and machine-side converter (MC) in an 
AC-DC-AC indirect converter 
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Figure 11.27 Indirect field-oriented control (IFOC), where Y, is the commanded rotor flux 
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Figure 11.28 Current control with decoupling network (DN) for AC-DC converter, where Qy, is the angular fre- 
quency of the AC system 


It should be taken into account that Usas and U,,, are coupled with each other. Any change of d stator 
voltage component has an influence not only for d but also for the g current component (the same applies 
to the q component). Therefore, a decoupling network (DN) in the control loops is necessary. The solution 
for this phenomenon is presented in Figure 11.28. It should be noted that the decoupling between the d 
and q axes appears in all control methods, discussed in this chapter, for both GCs and MCs (VOC and 
FOC). In the case of direct torque control and direct power control, the SV modulated by the coupling 
phenomenon is reduced significantly and therefore, DN can be omitted. 


11.4.2 Stator Current Controller Design 


The model is very convenient to use for the synthesis and analysis of current controllers for MC. In 
the case of FOC, an asynchronous machine can be approximated and treated as a DC machine [48, 51]. 
However, it should be pointed out that presence of coupling requires an application of a DN, as presented 
in Figure 11.28. 

Hence, it can be seen that referenced decoupled machine converter voltages should be generated (after 
simplification) as follows: 


dg, 
Usa, = Lo + Rimlsa + QyLolsq (11.36) 
diga 
Usqe = Lo- + Rimlsq — QyrLolsa (11.37) 
L?Rg tLe, R, Pp. a . er 
where L; = oL, and Rim = = o = 1 — — is the total leakage factor, L, is the stator windings 


T A a iaa T i 
self-inductance, and R,, R, are the stator and rotor windings resistances, respectively. 
It simplifies the analysis and enables the derivation of analytical expressions for the parameters of stator 
current controllers. The control structure will operate in a discontinuous domain (digital implementation); 
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Figure 11.29 Stator current control loop approximation model where /,, is the referenced stator current before 
prefilter and Tis is the prefilter time constant 


therefore, it is necessary to take into account the sampling period T,. This could be done by S&H block. 
Moreover, the statistical delay of the PWM in VSC Thy = 0.57, should be taken into account. In the 
literature [6, 16, 47, 50, 51], the delay of the PWM is approximated from 0 to 2 sampling times T,. 
Furthermore, Ko = | is the VSC gain, and ty is the dead time of the VSC (tọ = 0 for an ideal converter). 
The block S&H and VSC sum of their time constants is expressed by: 


Ts = Towy +T, (11.38) 


Therefore, the model of the stator current control loop can be approximated as in Figure 11.29. 

Please note that Tẹ, is the sum of small time constants, Typ, = L,/Rim is a large time constant, and Kogi, = 
1/R,,, is a gain approximation of the stator windings. Hence, T.,, gives a dominant pole. Among several 
methods of analysis, there are two simple ways for the design of the controller parameters: modulus 
optimum (MO) and symmetry optimum (SO) [48]. With the assumption that the internal voltage induced 
in the machine winding (EMF) is E = constant, for the circuit presented in Figure 11.29, the proportional 


gain and integral time constant of the PI current controller can be derived as [48, 51] 


T. 
Ki. = SR 11.39 
Pis 2tyKgpp 
Tis = 475 (11.40) 


After simplifications, the closed-loop transfer function of the VSC can be approximated by the first-order 
transfer function as: 
Geis & ——— (11.41) 


11.4.3 Direct Torque Control with Space Vector Modulation 


To avoid the drawbacks of the switching table in classical DTC, instead of hysteresis controllers and the 
switching table, PI controllers with the SVM block have been introduced, as in IFOC. Therefore, DTC 
with SVM (DTC-SVM) joins DTC and IFOC features in one control structure, as shown in Figure 11.30. 
DTC-SVM requires that the coordinate system rotates synchronously with the stator flux angular speed 
Qy,- In this case, the coordinate system is oriented with the x stator flux linkage component, such that 


Y = Vs = sx (11.42) 


Based on actual stator currents J,, DC voltage Upc, mechanical angular speed Q,,, and switching 
signals S, the commanded electromagnetic torque M., is delivered from the outer PI speed controller 
(Figure 11.30). Then, M, and the commanded stator flux Y, amplitudes are compared with the estimated 
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Figure 11.30 Direct torque control with space vector modulation (DTC-SVM) control for machine-side converter 


values of electromagnetic torque M, and stator flux ¥,. The torque ey and stator flux ey errors are fed 
to the PI controllers. The output signals are the referenced stator voltage components U,,. and Usyc» 
respectively. 

Furthermore, voltage components in the rotating xy system of coordinates are transformed into af 
stationary coordinates by using yy, stator flux position angle. The obtained referenced stator voltage SV 
U,,, is delivered to the SVM, which generates the desired switching signals S for the MC. 


11.4.4 Machine Stator Flux Controller Design 


Figure 11.31 presents a block diagram of the PI-based stator flux magnitude control loop with neglected 
voltage drop on the stator resistance [47]. However, the t, delay introduced by the inverter is taken into 
consideration. 

According to the SO criterion [48, 49], the plant transfer function can be written as: 


G(s) = ———_~ (11.43) 
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Figure 11.31 Block diagram of the stator flux magnitude control loop, where Y, is the referenced stator flux 


before prefilter and They is the prefilter time constant, which equals the integral time constant of the flux PI controller 
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Therefore, according to the SO design technique, the stator flux PI controller parameters: proportional 
gain Kpy and the integral time constant Ty can be calculated as [47, 48] 


1 I 
Kp = = = 11.44 

PY’ 2K (Ty +T) 37s ey 
Tiy = 4G, + T0) = 6T; (11.45) 


11.4.5 Machine Electromagnetic Torque Controller Design 


Figure 11.32 presents a block diagram of the simplified PI-based torque control loop with omitted cou- 
pling between the torque and stator flux. Consequently, the torque control loop is very simple Thus, for 
this model, not one criterion can be applied. 

In this case, according to Ref. [47], the simple (practical) way to design the torque PI controller can be 
used. Starting from initial values, for example, proportional gain Kpy = 1 and an integral time constant 
Tim = 4T, the value of Kpy increases cyclically. From these tests, the best value of Kpy for fast torque 
response without oscillation and defined overshoot can be selected. 


11.4.6 Machine Angular Speed Controller Design 


If the magnitude of the stator flux is constant, Y, = const, the dynamics of the IM can be described as 
follows: 


@n Lm Mona) (11.46) 
dt = J e load 5 
where J is the moment of inertia and M,,,, is the load torque. 

Accordingly, Figure 11.33 shows a block diagram of the PI-based speed control loop, where Gj,,.(s) is 
the transfer function of the closed torque control loop with prefilter (to compensate the forcing element 
in the transfer function of the closed torque control loop). 

Approximating the torque control loop by the first-order integral part [47], the simplified Gi ,¢(s) trans- 
fer function can be written as: 


Am 
Gcs) = Cs] (11.47) 
where: 
A' = AmKpm : Cc’ = Tim AnKpm PBa) a1 48) 
" CT +A, Koy i a Cnm +A,,Kom 
and: y Im W2 
m, RL, + RL Pim, 
gahs, B= shr ws. = b/s *s (11.49) 
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Figure 11.32 Block diagram of torque control loop, where M,,, is the referenced electromagnetic torque before 


prefilter and Tom is the prefilter time constant, which equals the integral time constant of the torque PI controller 


352 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


VSC+filters Moment of 
Prefilter G'uic(s) Mioaa inertia 


PI 
M.|_ 
Qmee 1 Ome + KpolsTiot1) Mecc 1 ty 1 Qm 
sTprotl j sTo STort! sJ 


Figure 11.33 Block diagram of the speed control loop, where Q ncc is the referenced electromagnetic torque before 
prefilter and Tyra is the prefilter time constant, which equals the integral time constant of the speed PI controller 


where p, is the machine pole pairs number, m, is the phase number, ø is the total leakage factor, L, 
is the stator windings self-inductance, Ly is the main magnetizing inductance, L, is the rotor windings 
self-inductance, and R,, R, are the stator and rotor windings resistances, respectively. 
According to the SO criterion [48, 49], the plant transfer function can be written as: 
Ko et 
G(s) = ————— (11.50) 
sJ(sTor + 1) 


where Ko = Al, is the gain of the plant and Toy is the sum of small time constants and filters: 
Tor = Ts + Towy + Te = LST, + T; (11.51) 
The speed PI controller parameters: proportional gain Kyo, and the integral time constant Tjo, can be 
calculated as [47, 48] 


J a J 
KT.) 35T, +T) 


T; = 4(Tor) = 4(1.5T; + T;) (11.53) 


Kpo = (11.52) 


11.4.7 Voltage-Oriented Control of an AC-DC Grid-Side Converter 


The VOC presented in Figure 11.34 guarantees high dynamic and static performance via an internal 
current control loop. It has become very popular and, consequently, it has been developed and improved 
[15, 53-55]. The goal of the control system is to maintain the DC-link voltage Upc, at the required level, 
while currents drawn from the power system should be sinusoidal and in phase with the line voltage in 
order to satisfy the unity power factor (UPF) condition. The UPF condition is fulfilled when the line 
current vector J, = Jx +j}, is aligned with the phase voltage vector U, = U,, + jU,, of the grid. 

For the UPF condition, the commanded value of the reactive component grid current vector L yc İs set 
to zero. The reference value of /,,. is an active component of the grid current vector. After comparing 
commanded currents with actual values, the errors are delivered to the PI current controllers. Voltages 
generated by the controllers are transformed to af coordinates by using the grid voltage vector position 
angle yy, . Switching signals S for the GC are generated by an SVM. 


11.4.8 Line Current Controllers of an AC-DC Grid-Side Converter 


The model is very convenient to use for the synthesis and analysis of the current controllers for a 
grid-connected converter. However, the presence of coupling requires an application of a DN (as with 
FOC in Figure 11.28), as presented in Figure 11.35. 
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Figure 11.34 
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Figure 11.35 


Current control with decoupling network (DN) for grid-side AC-DC converter 


Current loops model of 


Hence, it can be seen clearly that referenced decoupled GC voltages should be generated as follows: 


U pyc =U,-L 


di, 


Lx 


—* — Rh, +o Lh 


dt 
df, Ly 
“dt 


Z — Rh, + Lh, 


Therefore, the model of the current control loop can be presented as in Figure 11.36. 


(11.54) 


(11.55) 
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Figure 11.36 Current control loop model where /, ,, is the referenced grid current before prefilter and Toe is the 
prefilter time constant, which equals the integral time constant of the current PI controller 


Please note that Tt, is the sum of small time constants, T,, = L/R is a large time constant, and Kp, = 
1/R is a gain of input choke. Hence, T,, gives a dominant pole. Between several methods of analy- 
sis, there are two simple ways for the design of the controller parameters: MO and SO [48]. With the 
assumption that disturbance U, = const for the circuit presented in Figure 11.5, the proportional gain 
and integral time constant of the PI current controller can be derived as [16] 


ï 

Ka (11.56) 
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After simplifications, the closed-loop transfer function of the VSC can be approximated by the first-order 


transfer function as: 


1 
Go, & —— 11.58 
Cer Tet SAT, ( ) 


For comparison, the parameters of the PI current controller calculated based on MO differ only in 
integral time constant: 


Ty = Trt (11.59) 


The VSC with current controllers designed by MO can be approximated as: 


1 


x 11.60 
14+ s2ty ( ) 


Cil 


For more information, please refer to Refs. [16, 53]. 


11.4.9 Direct Power Control with Space Vector Modulation of an AC-DC 
Grid-Side Converter 


Direct power control with space vector modulation (DPC-SVM) [52] assures high dynamic and static 
performance via internal power control loops. Instead of line currents, the active and reactive powers 
are used as control variables (Figure 11.37). The command active power P, is generated by the outer 
DC-link voltage controller, whereas command reactive power Q, is set to zero for UPF operation. 
These values are compared with the estimated P and Q values, respectively [15, 16]. Calculated 
errors ep and eg are delivered to the PI power controllers. Voltages generated by the power controllers 
are DC quantities, which eliminates steady-state error, as in VOC. Then, after transformation to 
stationary af coordinates [16], the voltages are used for the generation of switching signals in the 
SVM block. 
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Figure 11.37 Direct power control with space vector modulation (DPC-SVM) 


Prefilter PI S&H+VSC Uzaist Inductance 
Pre P, + Uppe| Ke5? = P 
eJ 1 ; J KeeTip+ D [Vore] Ke , t J Ke | 3 wee 
ST ppp + 1 2 sTip STyp + sTRL+ 1 2 


Figure 11.38 Power control loop with prefilter, where P is the referenced active power before prefilter, Tot is the 
prefilter time constant, which equals the integral time constant of the power PI controller, and U} qist is the distortion 
of the grid voltage, for example, caused by higher harmonics 


11.4.10 Line Power Controllers of an AC-DC Grid-Side Converter 


The assumptions are the same as for the design of current controllers in VOC. Because the same block 
diagram can be applied to both P and Q power controllers, only the active power P control loop will be 
described briefly (Figure 11.38). 

As in the case of VOC, SO is chosen because of its good response to a disturbance U} qis step change. 
With the assumption that U, = const, an open- and closed-loop transfer function can be obtained easily 
[16]. The proportional gain and integral time constant of the PI current controller in DPC-SVM can be 
calculated as: 


TRL 2 
Kop, = e 11.61 
PPL DrK 31U | ( ) 
Tipi = 4t yp (11.62) 


The PI controller with such parameters gives power-tracking performance with approximately 40% 
overshoot. Therefore, for decreasing the overshoot, a first-order prefilter can be used on the reference 
signal: 1 

Gp & ———— (11.63) 
PE STi 


where Tyri usually equals a few Typ [48]. 
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Figure 11.39 Block diagram for a simplified DC-link voltage control loop, where U jecc is the referenced DC voltage 
before prefilter, Toru is the DC voltage prefilter time constant, and Pg is the grid-side converter active power 


In further investigation, a time delay of the prefilter is set to 4r,,. Finally, a closed control loop of the 
VSC can be approximated by a first-order transfer function as: 


Gop ® ——— (11.64) 


11.4.11 DC-Link Voltage Controller for an AC-DC Converter 


For calculation of the parameters of a DC-link voltage controller, the inner current or power control 
loop can be modeled with the first-order transfer function [16]. Therefore, the power control loop of a 
grid-connected converter can be approximated by further consideration of the first-order block with an 


equivalent time constant T,, as: 
1 


G x 11.65 
Z 14sT yp ( ) 


where Tir = 27, for inner current or power controllers designed by MO or Tyr = 4Ty for current/power 
controllers designed by SO criterion. Therefore, the DC-link voltage control loop can be modeled as in 
Figure 11.39. 

For the sake of simplicity, it can be assumed that 


Tor = Ty + Ty (11.66) 


where Ty is the DC voltage filter time constant, Tyr is a sum of time constants, and CUpcc is an equivalent 
integration time constant. Hence, the proportional gain Tpy and integral time constant 7,,, of the DC-link 
voltage controller can be derived from 


C 
Kpy = Jm UL or pec (11.67) 
Tiu = 4Tur (11.68) 


11.5 AC-—DC-AC Converter with Active Power FeedForward 


If the accuracy of power matching of an AC-DC GC and DC-AC MC is improved, then a reduction of 
the DC capacitance is possible, but still providing the same quality of DC voltage stabilization. Because 
of DC voltage control that is more accurate, the lifetime of the DC capacitor will also be improved. 
When the DC current Jpc of a grid converter is equal to the DC current Zeaq of the MC, no current 
will flow through the DC capacitor C. As a result, the DC voltage will be well stabilized on a desired 
constant level. 

However, despite the very good dynamic behaviors of the presented control methods, the control of the 
DC voltage could be improved [55—60]. Hence, APFF of the MC side to GC side has to be introduced. 
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Figure 11.40 Simplified block diagram of the AC-DC-—AC converter, which consists of an AC-DC and DC-AC 
converter, and APFF. Note: Direction of APFF changes in respect of grid-connected or standalone operation 


The idea of APFF is to give instantaneous power value from the AC MC side directly to the GC active 
power control loop, faster than the DC voltage feedback control loop. Because control of the power flow 
between the GC and MC is more precise, the stability of the DC-link voltage would increase significantly. 
Therefore, the value of the DC capacitance can be reduced significantly, if this is necessary. On the other 
hand, if the DC capacitance is required to be high for energy storage needs, the APFF can increase the 
lifetime of the capacitor significantly [57, 58]. 

A simplified block diagram of the AC-DC-—AC converter, which consists of a grid converter, machine 
converter, electrical machine, and APFF, is presented in Figure 11.40. It should be stressed here that in the 
case of operation with opposite direction power flow, when the MC control stabilizes the DC voltage and 
GC operates in inverting mode, the opposite direction of APFF is required, especially when standalone 
operation of GC is considered instead of stiff grid. 

Hereafter, the AC-DC—AC converter with APFF in control loops will be described. /,,,, is equal to 0 
in the case of the UPF operation. Under this condition, the GC input active power is derived by: 

P = 2% U,, +1 Uys i U (11.69) 
GC 2 Lx “px Ly ~“ py 2 Lx ~ px 
Within a steady-state condition 7, , = const and with the assumption that resistance of the input choke 
R = 0, from the machine side, the power consumed/produced by the MC is 


3 
Puc = 5 Use Us, + Isy Usy) (11.70) 


If virtual flux (VF) [15, 16, 53, 54] is adopted, it can be noticed that the active power of the GC is pro- 
portional to the virtual torque (VT) [16, 45, 48]. Thanks to this, a convenient (as in the case of machines) 
equation for the active grid power calculation is derived: 
3 
Poco = 5 Oy Pix — fix Puy) = Oily Pix (11.71) 
where J, x» Jy are the line current components in a rotating reference frame and Y, Y}, are the grid VF 
components in a rotating reference frame. 
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On the MC, electromagnetic power can be approximated (neglecting power losses) as an active power 
delivered to the machine P, = Puc, SO 
m ` Sy 


Mg 
Puc = Pp 2m Isy Yox (11.72) 


This is an insufficient assumption because of power losses P 
be written as 


losses ÎN the real system; therefore, it should 


m 
Puc = wa Qnlsy Ysx T Prosses (11.73) 


Let us take into account stand still Q, = 0 when nominal torque is applied. In such a case, the electro- 
magnetic power will be 0, but the MC power Puc will have a nonzero value. Estimation of this power is 
problematic because the parameters of the machine and power electronics devices are required. Hence, 
for simplicity of the control structure, a power estimator based on the commanded stator voltage U, and 
actual stator current /, will be taken into consideration: 


3 
Puc = 5 sx Usxe + Igy Usy.) (11.74) 


11.5.1 Analysis of the Power Response Time Constant of an AC- DC-AC 
Converter 


Based on Equation 11.58, the time constant of the GC response T,, is determined. With the assumption 
that power losses of the converters can be neglected, the power-tracking performance can be expressed by 


1 
Parne 11:75 
ae ree Tr GCe ( ) 
Similarly, for the MC, it can be written as 
1 
Puce = ——— Puc 11.76 
Mc = Ty, Ty MCe ( ) 


where Tp is the equivalent time constant of the MC step response. 


11.5.2 Energy of the DC-Link Capacitor 
The DC-link voltage can be described as 


dU 5. 1 
dt = g = Load) (11.77) 
So, 
1 
Upc = ae = Diag At (11.78) 


Assuming the initial condition is in steady state, the actual DC-link voltage Upc is equal to the com- 
manded DC-link voltage Upcc- Therefore, Equation 11.78 can be rewritten as 


1 1 
Une = a | Ureche = Upeclioaa) dt = CU jee = Pioaa)dt (11.79) 
DCC DCC 
where Ppe — Pioag = Peay: Therefore, we can obtain 
Unc = l / P „dt (11.80) 
DE = C Une cap R 
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If the power losses of the GC and MC are neglected (for simplicity), the energy storage variation of the 
DC-link capacitor will be the integral of the difference between the GC power Poc and the MC power 
Puc- Therefore, it can be written as 

Poc = Peap + Puc (11.81) 


From this equation, it can be concluded that for the most accurate control of the GC power Poc, the 
commanded power Pg, is 


Pace = Peape + Puce (11.82) 


cape 
where P.,,,, describes the power of the DC-link voltage feedback control loop and Pye, is equal to the 
instantaneous APFF signal. After the necessary assumptions, we obtain [16]: 


Kpy( + sTo) 1 
Poceo = a ter Upee 


+ ——— Puce 11.83 
8 Try l+sTp “C ( ) 


From Equations (11.75) and (11.76), the open-loop transfer function of the grid and machine converter 
active powers can be expressed as 


Poco = = ——_ (11.84) 


(11.85) 


Based on these equations, the analytic model of the AC-DC-—AC converter with APFF can be defined, 
as in Figure 11.41. Such a system can be described by an open-loop transfer function as 


z Upc 
° M 


ec 


Gy (11.86) 


Assuming initial steady-state operation, @,, = @,,. = const. and Upc = Upc = const., the transfer 
function of the AC-DC-—AC converter drive can be derived. 
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Figure 11.41 Simplified transmittances diagram of the AC-DC-—AC converter with APFF 
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Figure 11.42 Torque reversal from —75% to 75% of nominal torque under DPTC-SVM: (a) only DC-link voltage 
feedback and (b) with APFF. From the top: DC-link voltage, grid current, active and reactive grid power, electrical 
machine mechanical speed, and stator current commanded and estimated electromagnetic torque 


The active power of the machine converter can be calculated from the commanded values of the stator 
voltages and actual stator current. Assuming the case where Tp = Typ, theoretically, the DC-link voltage 
should not be affected by the change of the load Puc power. However, in the real system, the unbalanced 
power difference that causes the fluctuations of the DC-link voltage occurs mainly because of the power 
estimation error, the moment of inertia of the rotor and low-pass filter in the speed control loop, and the 
saturation of the commanded control variable. 

In Figure 11.42, waveforms illustrate the operation with a torque control loop. Torque reversal is 
applied when the mechanical speed reaches +71% of the nominal speed. Very good stabilization of DC 
voltage can be seen with the use of APFF. The selected control method for the AC-DC-—AC converter 
was direct power and torque control with space vector modulations (DPTC-SVM) [16]. The important 
advantage of this method is that there is no need to rescale the APFF signal. 

Moreover, based on Figure 11.42, it can be concluded that for ideal control methods with sufficiently 
high sampling time, the DC voltage fluctuation during transient for reduced capacitors could be even 
smaller than for the higher value of capacitance without APFF. Moreover, for the circuit with APFF, it can 
be seen that the fluctuations of DC voltage during transient for C= 1 p.u. and for C=0.1 p.u. are almost 
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DC voltage fluctuation as a function of sampling time, Ug.,= 560 V 


0 
30 m 1 ; _ Without APFF for 
700 — C=1 pu. 
“Na. 
0 — 
oo `.. 2 24 without APFF for 
=e.. á n — L 
500 = C=0.1 pu 
È 
Š a00 3 with APFF for 
a 
ə C=1 p.u. 
300 
200 
4 with APFF for 
100 I C=0.1 pu. 
IT Oe a A T a Sg eS =r 
oe o s S S 4 | 
0.2 0.1 0.05 0.02 0.01 


Ts (ms) 


Figure 11.43 Module of the DC voltage fluctuation |eUpç| as a function of sampling time T,, within transient in 
respect to load change from 0 to 1 p.u. with referenced DC voltage Upcc = 560 V, and DPTC-SVM control method 
of the AC-DC-AC converter 


equal for higher sampling times. Based on this, it can be stated that stabilization of the DC voltage in an 
AC-DC-AC converter with a controllable GC depends mainly on the quality (control loops accuracy 
and bandwidths) of the used DC voltage, the grid, and the MC power flow control methods. It can be 
expected that for high switching frequency, for example, >20 kHz, easily available for silicon carbide 
devices in wider power ranges than in the case of silicon devices, very accurate power flow control will 
be obtained. A simulation of DC voltage control accuracy in a simplified model (no switching losses) 
is presented as a function of sampling = switching frequency up to 100kHz (Figure 11.43) with the 
DPTC-SVM control method applied [16]. 


11.6 Summary and Conclusions 


This chapter has shown the different topologies of AC-DC-—AC converters, which becoming increas- 
ingly popular in industrial applications, for example, wind turbines, smart grids, drives, and links 
connecting two electrical networks with different frequency or voltage levels. Among the presented 
configurations of AC-DC-AC converters, the simplified and classical two-level and multilevel 
converters are described and compared. 

This chapter has also reviewed the modulation and control issues. Among the methods presented in 
this chapter, the FOC/VOC and DTC-SVM/DPC-SVM are described briefly. Selected issues relating to 
both the machine-side and grid-side, especially with APFF, have been discussed. Implemented APFFs 
have no negative impact on system performance in steady states, but do help to reduce DC capacitor and 
improve dynamic performance of the system. Selected laboratory and simulation tests with DPTC-SVM 
have been shown. 

It is believed that owing to both continuing developments in power semiconductor components and to 
a reduction of their prices, as well as further elaboration of advanced control and modulation techniques, 
AC-DC-AC converters will have a significant impact on DPGSs. 
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12.1 Introduction 


Transportation as a whole is estimated to be responsible for over 20% of the world’s CO, discharges. 
According to the Intergovernmental Panel on Climate Change, global aviation contributes about 2% of 
the global CO, emissions caused by human activities [1]. This estimate includes emissions from all global 
aviation, including commercial and military. Global commercial aviation, including cargo, accounts for 
over 80% of this estimate. When other emissions such as nitrogen oxide and water vapor are consid- 
ered, the estimated share of aviation’s global emissions increases from 2 to 3%. In the United States, 
according to Environmental Protection Agency data, domestic aviation contributes about 3% of total 
CO, emissions. Although aviation is a relatively small source of the emissions contributing to global 
warming, it is of significance because it is probable that high-altitude emissions are disproportionately 
damaging to the environment. 

The Advisory Council for Aeronautics Research in Europe has set several goals to be achieved by 2020 
for air transportation [2]. These include a 50% reduction of CO, emissions through drastic reduction 
of fuel consumption; an 80% reduction of NO, emissions; a 50% reduction of external noise; and a 
green product life cycle in terms of design, manufacturing, maintenance and disposal. The goals set 
by the International Civil Aviation Organization are to improve fuel efficiency by an average 2% per 
year until 2050 and to keep the global net carbon emissions from international aviation at the same 
level beyond 2020 [3]. Thus, the aerospace industry is facing challenges similar to those faced by the 
automotive industry in terms of improving emissions and fuel economy. Another similarity is the move 
toward replacing mechanical and pneumatic systems with electrical systems, thus transitioning toward 
“more electric” architectures. 

To meet the above challenges in the automotive industry, significant work has been done by developing 
and commercializing the electric and hybrid vehicles. In the case of airplanes, more electric architec- 
ture is the emerging trend. The intention is to move as many aircraft loads as possible to electrical 
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Figure 12.1 Increasing electrical power demand in civil aerospace market [4] 


power resulting in simpler and efficient aircraft systems. This leads to lower fuel consumption, reduced 
emissions, reduced maintenance and possibly lower costs. The examples of aircraft loads under con- 
sideration are electric-powered environmental control systems (ECSs), electrical actuators and electric 
deicing. Electric starting of the engine and the conversion of all pneumatic and hydraulic units on the 
accessory gearbox (AGB) to an electrical system are also being investigated. 

The electrical power being used by both civil and military aircraft is also growing [4—6]. As can be 
seen from Figure 12.1, the civil aerospace market is seeing rapidly increasing demands for electric power. 
Future trends in this market sector are not known exactly, but they could move toward ~10 kW per passen- 
ger seat, which represents a significant growth from today’s level. In order to meet these requirements, a 
major re-evaluation of aircraft electrical generation and power distribution systems is being undertaken. 
The requirement for electrical power onboard aircraft is forecasted to rise dramatically in the future 
because of the following reasons: 


e Additional electrical loads because of an increased use of electrical actuators and landing gear 
e Increased cabin loads for better in-flight entertainment 

e Information services and passenger comfort electrically operated ECSs 

e Anti-icing of the wings 

e Flight controls and other electrical loads 


Passenger aircraft, such as the Boeing 787 and Airbus 380, employ a number of new electrical tech- 
nologies including bleedless ECSs (in the Boeing 787). These loads are creating a substantial increase in 
the total electrical power drawn from the aircraft’s engine-driven generators. For example, in the Boeing 
787, each engine drives two generators each rated at 250 kVA producing a total power of 500 kVA. It is 
estimated that future electrical power requirements will exceed 500 kVA per engine. The available power 
generation capability of some aircraft is listed in Table 12.1. 


Power Electronics for More Electric Aircraft 


367 


Table 12.1 Power generation capability of some selected aircraft [6] 


B717 
B737NG 
B767-400 
B777 
A340 
B747-X 
A380 
B787 


12.2 More Electric Aircraft 


In a traditional airplane, the jet engine is designed to produce thrust and to power the pneumatic, hydraulic 
and electrical systems, as shown in Figure 12.2. The pneumatic power is used for pressurization and 
cooling of the cabin, the starting of the main engines and for deicing the wings. The hydraulic power 
is used mainly for flight control actuators. The electrical power is used for supplying the power to all 
the electrical loads, including the computers and avionics systems. In addition, the engines drive the 
gearbox-mounted units, such as fuel, oil and hydraulic pumps. In a More Electric Aircraft (MEA) system, 
the jet engine is optimized to produce the thrust and the electric power, as shown in Figure 12.3. An 
electric machine is used for starting the engine and for generating electric power. Most of the loads are 
electrical, including the deicing and ECSs. The fuel, hydraulic and oil pumps are all driven by the electric 
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Figure 12.2 Traditional aircraft system 
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Figure 12.3 Typical more electric aircraft system 


The benefits of the MEA are [5, 6] as follows: 


Better power availability throughout the flight envelope owing to the possible shift of power extraction 
from high spool to low spool, thus improving engine operability 

Availability of more electric power that enables the design of systems for sophisticated entertainment 
systems, seating comfort and so on 


e Fewer constraints regarding certification of aircraft for commercial use 


Reliability and maintenance of aircraft is improved because electrical systems are easier to monitor 
and observe performance trends 

Enables faster diagnostics and better prediction of potential failures resulting in less downtime 
Reduction/elimination of bleed air to improve the overall performance of the engine 

Possibility of removal of engine accessory gearbox, thus reducing complexity and weight 

Increased overall performance and reduced fuel consumption and energy usage 

Eliminates high-temperature ducts and flammable fluids required in a traditional aircraft 

Reduced maintenance and ground support 


More electric architecture and the associated components/subsystems are of significant interest to air 


framers, suppliers and the military. One of the primary motives behind the technology is the replace- 
ment of most (if not all) of the pneumatic and hydraulic systems in the aircraft by electrical systems. 
This has been reinforced further by the successful deployment of the Airbus 380 and Boeing 787 in the 
commercial arena. The MEA architecture offers significant overall system benefits in improving fuel 
efficiency, reducing emissions and enhancing reliability. On the other hand, the MEA concept imposes 
increasing demands on the generation, conversion and distribution of electrical power within the aircraft. 
MEA technologies are evolving continually, and there is great opportunity for improvement as systems 
continue to be refined and enhanced. The MEA concept is widely recognized as the future technology 
for the aerospace industry. The Airbus 380 and Boeing 787 systems are the two major aircraft programs 
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that illustrate how the electric power generation and the increased use of power electronics in an aircraft 
are being achieved. 


12.2.1 Airbus 380 Electrical System 


The A380 was the first large civil aircraft to incorporate more electric architecture systems with 
variable-frequency (VF) power generation [6—8]. The A380 electrical system has the following: 


Four 150 kVA VF generators (370-770 Hz) 

Two constant frequency (CF) auxiliary power unit (APU) generators (nominal 400 Hz) 
One 70 kVA ram air turbine (RAT) for emergency purposes 

Four external power connections (400 Hz) for ground power 


The major electrical system components of the A380 are shown in Figure 12.4. Each of the main 
150 kVA AC generators is driven by the associated engine. The two APU generators are driven by their 
respective APUs. The main generator supplies power to the appropriate AC bus. The main AC buses 
cannot be paralleled because the output frequency of the generator depends on the speed of the engine 
driving the generator. Each output voltage of the generator is controlled by the respective generator 
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Figure 12.4 A380 Electrical power system components [6] 


370 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


2 = 
em | 
AC EMER Galley 1 Galley 2 | Galley 3 Galley 4 
K 
‘i 1 T T 
ESS BCRU BCRU 1 BCRU 2 | TRU APU TRU 
Sar [ocmw]. [pa] {2c2) E DC APU 
inverter S 
ESS BATT| | BATT 1 BATT 2 APU APU 
starter battery 


Figure 12.5 A380 DC electrical power architecture 


excitation control unit (GCU). The main AC buses can also accept ground power input for servicing and 
support activities on the ground. 

The main characteristics of the Airbus 380 power conversion and energy storage system are shown in 
Figure 12.5. AC1—AC4 are the AC buses at the output of the four generators, each driven by one of the 
four engines. There are three Battery Charge Regulator Units (BCRUs), which are based on regulated 
Transformer Rectifier Units (TRUs) connected to the AC bus. The AC bus also provides power to the 
galley loads. The DC system provides uninterrupted power capability to power the aircraft’s electrical 
loads, including the control computers or IMA (Integrated Modular Avionics) cabinets, without power 
interruption during changes in system configuration. 

The first A380 maiden flight took place on 27 April 2005. This plane, equipped with Rolls-Royce 
Trent 900 engines, flew from Toulouse Blagnac International Airport with a flight crew of six and landed 
successfully after 3h and 54min. Presently, the A380 is operating on scheduled flights by different 
airlines. 


12.2.2 Boeing 787 Electrical Power System 


The Boeing 787 has most of the features of an MEA system [6, 9, 10]. The electrical power system 
architecture is shown in Figure 12.6a and b. The electrical power generation system comprises the 
following: 


e Two 250kVA starter/generators driven by each engine. This results in 500 KVA of generated power 
per engine 
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e Two 225kVA APU starter/generators, each starter/generator driven by the APU engine 

e Three-phase 230 V AC electric power generation with VF (380-760 Hz) compared with that of the 
conventional three-phase 115 V AC at 400 Hz arrangement. The increase in voltage from 115 to 230 V 
AC decreases losses in the cabled electrical distribution system 


The maximum capability of combined power generation from the main engines and APUs is 1450 kVA. 
In addition to powering 230 V AC loads, a portion of the electrical power is converted into three-phase 
115 V AC and 28 V DC power, in order to power many of the legacy subsystems that require conventional 
power supplies. As the bleed air is not used within the airframe, the ECS, cabin pressurization system, 
wing anti-icing system and other conventionally air-powered subsystems are all electrically powered. 
The only bleed air that is used from the engine is low-pressure fan air used for anti-icing the engine 
cowl. The main electrical loads are as follows: 


e ECS and pressurization. Four electric compressors are used for cabin pressurization 

e Electrically heated cargo bay 

Four electrical motor pumps, each of 100 kVA for the cooling loop of high-power motor controllers 
and galley refrigerators 

Wing deicing, which requires electrical power of the order of 100 kVA 

Flight controls 

Four electric motor pumps driven by 88 HP motor 

Electric brakes 

Landing gear, which is raised electrically 


The maiden flight of the Boeing 787 took place on 15 December 2009, and flight testing was completed 
in mid-2011. The aircraft entered into commercial service on 26 October 2011. 


12.3 More Electric Engine (MEE) 


The embedded generation system, together with the use of electric pumps, will lead to a More Electric 
Engine (MEE) system [11-13]. The MEE replaces the current hydraulic, pneumatic and lubrication 
systems with electrical systems. This results in a lighter, more efficient, better performing, more reliable 
and less costly engine that can be more easily integrated into airframe systems. 

A typical MEE architecture is shown in Figure 12.7. An electric machine with starter/generator capa- 
bility is mounted on the high-pressure (HP) shaft of a two-spool engine and a generator is mounted 
on the low-pressure (LP) shaft of the engine. In addition, the oil, fuel and hydraulic pumps are driven 
electrically by their respective electric motors. The LP- and HP-shaft-mounted electric machines could 
be traditional wound-field synchronous machines or permanent magnet (PM) or switched reluctance 
machines. The motors driving the pumps could be PM brushless DC motors or induction machines. 
These motors are controlled using pulse-width modulation (PWM) inverters. The 28 V DC required 
for FADEC (Full Authority Digital Electronic Controller) and other flight controls are derived using 
a DC-DC converter operating from the 270 V DC supply. This 270 V DC power is obtained from the 
aircraft’s APU or from a battery. For ground starting of the engine, the 270 V could also be derived from a 
ground-based APU. 


12.3.1 Power Optimized Aircraft (POA) 


The Power optimized aircraft (POA) is an MEE program that was demonstrated with the support of Euro- 
pean funding [14—16]. POA was initiated in 2002 and was aimed to address and integrate technologies 
for a more efficient aircraft. The principal objective was to validate at an aircraft level, both qualitatively 
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Figure 12.8 POA engine [16] (Reproduced by permission of Rolls Royce) 


and quantitatively, the potential of the next-generation systems’ equipment for effective reduction in 
consumption of non-propulsive power. The features of the POA system, as shown in Figure 12.8, are as 
follows: 


e No external gearbox 
e Electric-driven fuel pump 
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In 2008, the POA engine was tested successfully in both starting and generating modes, and a series 
of engine tests were conducted. Although most of the objectives were accomplished, but the reduction of 
aircraft total equipment weight and the reduction of aircraft fuel consumption by 5% appear too ambi- 
tious in hindsight. The embedded generation still needs significant development to ensure a viable whole 
engine solution. The POA project provided valuable insight into a very complex system and highlighted 
trends for future research and development. 


12.4 Electric Power Generation Strategies 


Since the beginning of the jet age, aircraft have become increasingly complex and they operate a vast 
array of electrical devices [17—19]. Modern military aircraft are equipped with powerful radars, sensors, 
weapon systems and sophisticated cockpit displays that require large amounts of electricity to oper- 
ate. Commercial airliners need to provide power for environmental systems, galley equipment, cockpit 
displays, communication systems, weather radar, flight instruments and in-flight entertainment systems. 
Hence, the primary function of an aircraft’s electrical system is to generate, regulate and distribute elec- 
trical power throughout the aircraft, and provide the required power to all the electrical loads. In the past, 
airplanes used small generators that supplied DC power only, typically at 28 V, to meet the electrical 
power requirements. The trend in the aircraft industry is to operate electrical components on many dif- 
ferent voltages, both DC and VF AC, as in the Boeing 787. However, most present aircraft systems still 
use 115 V AC at 400 Hz and/or 28 V DC. 

Aircraft are equipped with a number of power generation systems, including both primary and redun- 
dant backup systems, to supply power to critical equipment in an emergency. Primary power is usually 
provided by AC generators driven by the jet engines. Commercial and many military aircraft are equipped 
with an APU, which is essentially a mini jet engine being used as an additional power source. Many air- 
craft carry a RAT that can be deployed when needed to provide emergency power. If the main engine 
and the APU both fail, the RAT is generally deployed. The purpose of the RAT is to keep critical sys- 
tems operating long enough for the aircraft to land safely. Different types of electrical power generation 
systems, currently being considered for aircraft, are shown in Figure 12.9 [6]. 


CF 115 V AC, three phase, 400 Hz generation types integrated drive generator (IDG) 

Variable speed constant frequency (VSCF) cycloconverter 

VSCF with intermediate DC link 

VF 115 and 230 V, three-phase power generation (380-760 Hz) 

VF at 115 V and then converted to 270 V DC bus voltage 

Permanent magnet generators (PMGs) used for generating 28 V DC emergency electrical power for 
high integrity systems 


The IDG is used for powering the majority of civil transport aircraft today. The constant speed drive 
(CSD) works like an automatic gearbox maintaining the shaft speed of the generator at a constant rpm 
to provide a CF output of 400 Hz, usually within 10 Hz or less. This has to cater for a 2:1 ratio in engine 
speed between maximum power and ground idle. The drawback of the hydromechanical CSD is that it 
needs to be maintained correctly in terms of oil cleanliness and level. 
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Figure 12.9 Electrical power generation strategies 


In the case of variable speed generators, the VF power produced by the generator is converted elec- 
tronically by the DC-link converters or cycloconverters to CF at 400 Hz with 115 V AC power. In the 
DC-link converters, the VF voltage of the generator is first converted to an intermediate DC power using 
AC-DC converters, before being converted (using inverters) to three-phase AC power at 400 Hz with 
115 V. The AC-DC converters have been used on the B737, MD-90 and B777 airplanes. The cyclocon- 
verter converts directly the VF input voltage to a fixed frequency AC output. In this system, six phases are 
generated at relatively high frequencies in excess of 3000 Hz, and semiconductor power devices such as 
insulated-gate bipolar transistors switch between these multiple phases to electronically commutate the 
input and provide three phases of CF 400 Hz power. Cycloconverter systems have been used successfully 
deployed in military aircraft in the United States; the F-18, U-2 and the F-117 stealth fighter are a few 
examples. To date, no civil applications have used cycloconverters because the topology requires a large 
number of switches and a complex control system. 

Due to limited availability of space in the aircraft and as weight is critical to aircraft engine thrust and 
fuel burn (and thus, the aircraft’s range and engine horsepower per pound) three-phase 115 V, 400 Hz 
power has been the main system power in aircraft. It offers a distinct advantage over the usual 60 Hz 
used in utility power generation, notably in allowing smaller and lighter power supplies to be used. In 
MEAs, such as the A380 and B787, instead of 400 Hz, the output frequency of the generator is allowed 
to vary from about 380 to 760 Hz; thus, the engine speed is freely allowed to vary over a speed range 
of about 2:1. The wide variation of the frequency could have an effect on frequency-sensitive aircraft 
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Table 12.2 Recent civil and military aircraft power system developments 


Generation type 


Civil application 


Military application 


IDG/CF B777 2 x 120kVA Eurofighter Typhoon 
[115 V AC/400 Hz] A340 4 x 90kKVA 

B737NG 2x 90 KVA 

MD-12 4x 120kVA 

B747-X 4x 120kVA 

B717 2 x 40 KVA 

B767-400 2 x 120kVA 
VSCF (cycloconverter) F-18C/D 2 x 40/45 kVA 
[115 V AC/400 Hz] F-18E/F 2 x 60/65 kVA 
VSCE (DC link) B777 2 x 20kVA 
[115 V AC/400 Hz] MD-90 2 X 75KVA 
VF Global Express 4x 40kVA Boeing JSF 2 x 50 kVA 
[115 V AC/380—760 Hz Horizon 2 x 20/25 kVA [X-32A/B/C] 

typical] A380 4x 150kVA 

VF B787 4 x 250kVA F-22 Raptor 2 x 70 kVA 
230 V AC Lockheed Martin F-35 
270 V DC Under review 


loads, the most obvious being the effect on the AC electric motors that are used in many aircraft systems. 
The VF voltage is converted to 270 V DC and then converted to VF AC to control the ECS compressor 
motors and fans, electrically driven hydraulic pumps, nitrogen generating systems (NGSs) and so on. 
The same converter could also be used for starting the engines electrically. VF is being widely adopted 
in the business jet community as the power requirements take them above the 28 V DC/12 kW limit of 
twin 28 V DC systems. Aircraft such as the Global Express has had VF designed in from the beginning. 

A summary of the electrical power being generated in different airplanes is given in Table 12.2 [6, 7]. 
As can be seen, over the years the actual power generation in airplanes has increased gradually resulting 
in the incorporation of sophisticated safety, control and entertainment systems. However, the diver- 
sity of electrical power generation methods has introduced new aircraft systems’ issues that need to be 
addressed. The power converters and the increased electrical loads generate extra heat inside the airplane, 
thus increasing the ECS requirements. In addition, the power switching devices create electromagnetic 
interference (EMI) to the other electronic systems that need to be addressed at the architecture level and 
by selection of systems’ immune to EMI. Similarly, the adoption of VF can complicate motor loads, 
power conversion and protection requirements. As conventional circuit breakers cannot be used at high 
DC voltages, the US military has initiated the development of a family of 270 V DC protection devices. 

Wound-field synchronous generators have been used in most civil and military airplanes as genera- 
tors. Switched reluctance and PMGs have also been considered in a very few military applications. The 
advantages of wound-field synchronous machines are as follows: 


Known technology in aerospace applications 

Voltage can be controlled easily by controlling the field 

Fairly well-understood power electronics and control requirements 
Robust 


The disadvantages of wound-field synchronous machines are as follows: 


e Lower torque-to-inertia ratio compared with that of other types of machines, hence lower power 
density 
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e Lower efficiency compared with that of other AC machines 
e Separate field and armature voltage control are required during motoring operation 
e Need brushes if rotating field windings are used or slip rings if the armature is rotating 


The PM machine allows operation without commutators or slip rings and the machine is much less 
susceptible to issues arising from leakage reactance and poor power factor. The PM machine is often 
found in a variety of configurations: 


e conventional inner rotor configuration 

e outer rotor configuration, where the rotor is located on the outer diameter of the stator 
e axial gap configuration, where the air gap is not a cylinder 

e aradial gap machine, but disk shaped with the rotor displaced axially from the stator 


While the interior PM rotor design is predominately employed, the other configurations might have 
merit in applications that utilize their unique geometrical properties. In addition to the various types 
of rotor geometry, numerous magnetic materials are also available. PM machines also come in a wide 
variety of pole count and stator slot combinations. The most desirable features of the PM machine are 
its efficiency, size, weight and potential for quiet operation. However, these benefits are offset by cost 
and reliability/durability concerns. Reliability of the machine could be compromised by both the poten- 
tial corrosion of the magnets and the fact that high temperatures and currents in the rotor can cause 
demagnetization and, therefore, loss of functionality. 

A key requirement for many aircraft generation systems is a degree of fault tolerance, that is, an ability 
to continue operating at or near-rated power in the event of a single point fault in the generator or its 
associated converter. One way of achieving fault tolerance is to isolate the phase windings physically, 
magnetically and electrically. These can be three-phase or higher phase machines, where each phase of 
the machine is fed separately by a single-phase bridge inverter/converter. Consequently, a fault in one 
phase will not readily propagate to the adjacent phases. In addition, each phase winding is designed 
to have one per-unit self-reactance in order to limit the short-circuit current at fault conditions to its 
rated value. Furthermore, by employing a multiphase (usually >4) design, the machine can continue to 
provide a useful power output even with a fault in one of the phases. However, this must be balanced 
against the increased probability of a failure through having more phases. These design features, when 
combined with the high power density of PM machines, make a fault-tolerant PM machine an attractive 
option in a safety critical application. Several studies have reported on the possibility of using five-phase 
fault-tolerant PM machines for embedded aircraft generator applications [20]. 

The switched reluctance machine (SRM) has been investigated as an alternative to the wound-field syn- 
chronous machine as a starter/generator for aircraft engines and other applications [21]. The advantages 
are in reliability and fault tolerance. The magnetic and electric independence of the machine phases and 
absence of PMs improve reliability. The mechanical integrity of the rotor permits high-speed high-power 
density operation. The ability to operate in high-temperature environments and high-speed operation 
allows the possibility of direct drive and, hence, the elimination of a gearbox and hydraulic system acces- 
sories. The simplicity of the SRM translates into a very low cost and reliable machine. However, these 
machines are generally extremely noisy during operation and have higher torque pulsations, lower effi- 
ciency, larger size and weight (than PM machine); and the design has not been advanced to the same 
extent as the induction or PM machine. 

The squirrel-cage induction machine being used as an induction generator in aircraft has not been 
popular because to obtain the power generation function, it needs to be at supersynchronous speed. Fur- 
thermore, a means of providing an excitation has to be incorporated. With the advancement of power 
converters and control topologies, both these functions can be achieved without much complexity. The 
induction machines have more fault-tolerant capability than PM machines. These machines have been 
used in many electric and hybrid vehicles for propulsion and as starter generators. 
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12.5 Power Electronics and Power Conversion 


The power conversion depends on the type of generator being used and the nature of the required output 
voltage, that is, DC or fixed frequency AC or VF AC. It might also be required to convert power from 
one form to another within an aircraft’s electrical system. Typical examples of power conversion are as 
follows: 


e Conversion from DC to AC power; inverters are used to convert 28 V DC to 115 V AC single-phase 

or three-phase power. 

Conversion from 115 V AC to 28 V DC power. This function is achieved by using TRUs). 

e Conversion from one AC voltage level to another. 

Battery charging. It is necessary to maintain the state of charge of the aircraft battery by converting 

115 V AC to a 28 V DC battery charge voltage. 

e Conversion to three-phase 115 V AC at 400 Hz from 270 V DC if the main bus voltage is 270 V DC. 
This conversion is required to power legacy equipment originally designed to operate using these 
voltages. 


A typical power conversion system with various loads is shown in Figure 12.10. 

Recent developments in power electronics have advanced active rectifier technologies to the point that 
they could replace the TRU [22, 23]. Furthermore, the active rectifier could facilitate the replacement of 
the synchronous machine by an induction machine, because the active rectifier can regulate the voltage at 
the AC bus of the aircraft. This has significant benefits for the engine by having lower weight and smaller 
volume of the machine. This enables engine nacelle lines to be redrawn with a reduced frontal area and, 
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Figure 12.10 Typical power conversion system with various loads 
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Figure 12.11 PWM active rectifier 


therefore, a lower drag. In Figure 12.10, the power conversion from the VF AC output of the generator to 
controlled DC (+270 V DC) is achieved using an active PWM rectifier; a typical configuration is shown 
in Figure 12.11. In the rectifier mode, this converter acts as a three-phase boost converter to convert AC 
to DC. The advantages are that the current or voltage can be modulated with lower harmonics; the power 
factor can be controlled and can be made lagging or leading; and it can work as a voltage source or 
current source rectifier. The same power converter could be used as an inverter to convert the DC voltage 
to VF and variable voltage in order to run the same electric machine as a motor to start the engine. 
Hence, this topology is used in most starter/generator applications for starting the engine by converting 
the DC voltage (or battery voltage) to AC to run the electric machine as a motor to start the engine. 
Once the engine starts and overcomes the peak reactive torque, the electric machine works as a generator 
to produce the AC voltage at its output. This AC voltage is converted to DC by the active rectifier for 
powering the accessory motors and other electrical loads of the aircraft, as shown in Figure 12.12. 
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Figure 12.12 Typical DC distribution system with AC and DC loads 
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Figure 12.13 Power generation and distribution from a three-shaft engine 


The future trend will be off-take of power from each shaft of the engine and load sharing between 
the buses. A three-shaft engine such as the Rolls-Royce Trent 1000 could be driving three generators 
with each output connected to a PWM rectifier, which are all paralleled on the DC side, as shown in 
Figure 12.13. This enables power to be combined from multiple generators operating at different fre- 
quency and voltage levels [17]. 

Although power electronics and electric machine technologies are well advanced, further work is 
needed in the following areas, particularly for MEAs [18]. 


e Mitigation of EMI/EMC and improving power quality 

e Need for high-temperature materials and components, power devices and passive components 

e Power device packaging required to withstand large temperature variations and high thermal cycle 
capability 

e Alternative power conversion topologies with inherently reduced passive components 

Passive components with reduced weight and volume and with high-temperature capability with 

increased operating frequency 

High power density and high energy density components 

Availability of the components that meet aerospace requirements 

Fault-tolerant power conversion topologies 

Components/systems with long life with stringent vibration and thermal shock requirements 


The main objectives are to obtain: 


e Higher current density 
e Higher power density: weight and volume must be significantly reduced 
e High density interconnect 
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e High thermal conductivity 
e Higher reliability and also redundancy 
e Ability to withstand harsh environment 


In addition to the above items, closer integration of the power electronics and electric machine might 
also be required. For the MEA, weight, volume including thermal management systems, reliability and 
redundancy take on a new importance. In addition to the weight and volume constraints, there are key 
differences in the operating environments for MEA applications. These include the following: 


e High-temperature operation: Some applications require generators embedded within the engines mak- 
ing the power electronic systems operate at high temperatures in the range of 200-—250°C. This 
requires the use of high-temperature capability silicon carbide and gallium nitride power devices and 
also high-temperature passive devices with efficient packaging technologies 

e High-altitude operation: High altitudes give lower ambient pressures that could result in corona dis- 
charge. Also, high-altitude flights are more vulnerable to cosmic rays that could cause damage or 
maloperation of power devices. 


12.6 Power Distribution 


The power distribution in an aircraft could be AC or DC, as shown in Figures 12.14 and 12.15 [22—26]. 
Each has its own advantages and limitations. There is an increasing interest in DC power distribution 
inside an aircraft. High-voltage DC (HVDC) power distribution of about 270 V DC provides a mass and 
volume advantage over its AC distribution owing to the reduction in the number of feeders from three to 
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Figure 12.14 DC power distribution architecture 
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Figure 12.15 AC power distribution architecture 


one. As the amount of power to be managed is of the order of MW, the cable size is a concern because of 
the increased amount of current. In order to avoid this problem, higher voltages have been considered for 
power distribution inside the aircraft. In the Boeing 787, this is achieved by using +270 V DC (or 540 V 
total) rails centered on a zero volt return, but this needs another feeder cable. These HVDC systems enable 
more efficient use of generated power and aids in paralleling and load sharing between the generators. The 
270 V DC is presently produced from TRUs or Autotransformer Rectifier Units (ATRUs) at the output 
of the generators driven by the engine. But these units are heavy to be deployed in MEA because the 
power to be handled is much higher than in a conventional aircraft. This is particularly applicable to VF 
generators where it is not possible to synchronize their outputs directly. A typical DC distribution system 
is shown in Figure 12.14. The DC distribution enables the use of high-efficiency DC-DC converters and 
inverters to provide power to the aircraft avionics and accessory motors. However, some issues still have 
to be addressed for full acceptance of DC distribution in aircrafts. In DC systems, the fault interruption 
needs specially designed DC contactors or circuit breakers that are bulky because a DC system offers no 
naturally occurring zero current at which fault can be interrupted. 

For many years, AC distribution systems have been the standard for the primary power of aircraft at 
115 V (phase voltage), three-phase, 400 Hz. All airports have this voltage for ground power equipment to 
connect to the aircraft. The use of AC distribution enables the use of a wide range of contactors, relays, 
and circuit breakers to switch the AC. As AC has a natural zero crossing point, the fault could easily be 
cleared compared with that of a DC distribution. 

The limitations of AC distribution are as follows: 


e The AC output from two generators cannot be easily paralleled because they have to be synchronized 
in magnitude, phase and frequency. Even if both generators are designed to the same specifications 
and run at the same speed, there could always be a phase difference in voltages of the generator output. 

e The motors used for actuators, electric pumps and electric ECS are generally all AC motors. In order 
to control the speed and torque of these motors, the input frequency and voltage have to be varied over 
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a wide range. Hence, the distributed AC has to be first converted to DC using the power electronics 
and then converted to VF and variable-voltage AC using inverters. 

e Depending on the frequency of the AC system, the reactive power also has to be managed in the 
distribution system. 

e The feeders within the 115 V AC systems would be heavy, particularly for large loads. For example, 
the Wing Ice Protection System and the ECS will require both large currents and heavy feeders if 
supplied from a 115 V AC system. 


12.6.1 High-voltage operation 


Whether it is an AC or DC distribution system, the main advantage of a higher voltage system is the 
smaller cable size because of the reduced current for the same power [22, 27, 28]. Ground-based power 
systems always operate at a high voltage to minimize the R losses and conductor size. Current air- 
craft electrical systems operate under well-established conditions, namely 115 V AC, altitudes of up to 
60000 ft and temperature cycles between —55 and 200°C over a wide range of humidity. Moving to 
higher voltages (>270 V) could lead to several problems. 


e The active and passive components capable of switching at these levels of voltage, with character- 
istics qualified for aerospace applications, have only recently come to the market and have limited 
availability. 

e Although some aerospace-qualified DC contactors at 270 V DC are available, the technology of contac- 
tors operating at higher than 270 V DC and the protection systems are still not advanced for aerospace 
applications. 

e The safety aspects related to the use of more than 540 V still needs to be investigated. 

e Increased voltage can lead to undesirable effects from tracking and partial disruptive discharges, par- 
ticularly at higher voltages because of the lower pressures at higher altitudes. 


The breakdown voltage of an air gap in uniform field conditions is a function of the product of pressure 
and gap distance, as stated by Paschen’s law, named after Friedrich Paschen in 1889. This law describes 
the breakdown voltage of parallel plates in a gas as a function of pressure and gap distance. According 
to his observation, the voltage necessary to arc across the gap decreased up to a point as the pressure 
was reduced. It then increased gradually, eventually exceeding its original value (Figure 12.16). He also 
found that decreasing the gap with normal pressure caused the same behavior in the voltage needed to 
cause an arc. Paschen observed that the minimum breakdown voltage between two conducting surfaces 
for a uniform electric field in air can be as low as 327 V. In practical terms, this means 5.8 kV that is 
required to breakdown a 1 mm gap at atmospheric pressure reduces to 1.1 kV at an altitude of 50000 
feet, where the atmospheric pressure is approximately one-tenth of that at sea level. 

High-frequency switching in power conversion introduces new operating regimes for materials devel- 
oped for more conventional DC and AC systems. The effect of microsecond level transients with high 
repetition rates on corona and insulating systems is not well understood and is of concern in electrical 
systems, particularly where PWM control is used. The use of DC reduces the peak voltage for the same 
current carried in a conductor and, therefore, increases the available voltage margin before corona begins. 
Furthermore, in DC, a system with a potential difference of X can be operated as a two-bus/wire system 
with voltage of +X/2 (as in the Boeing 787); the risk of corona onset can thereby be reduced still further. 
More investigation of corona is required; however, it can be clearly seen that DC has an advantage over 
AC with respect to levels of corona onset. The extent to which this advantage is reduced by transient 
effects emanating from power electronic converters requires further analysis. 

The increased voltage rating does not always compensate the reduction in current rating because of 
the insulation thickness required for a given voltage. There should be a trade-off between the current 
reduction and increased insulation thickness. Moving to a higher voltage does not necessarily imply that 
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Figure 12.16 Illustration of Paschen’s law (p is the pressure and d is the gap distance) 


the system’s weight will be reduced. By looking at the MEA as an entire integrated system and not 
as individual components, a decision related to the individual components and the voltage level has to 
be made. Hence, for a given aircraft, it is necessary to study the architecture of the entire system and 
understand the requirements of each individual component. 


12.7 Conclusions 


MEA technologies are evolving continually and there is much opportunity for improvement as systems 
continue to be refined and enhanced. As MEA technologies advance, smaller components will be used, 
continuing the reduction of cost of the components and improvements in operating efficiencies. The 
long-term goal is an “all-electric” aircraft with MEA being the evolutionary step. The transition to an 
all-electric aircraft, where the propulsors will be driven by the electric motors, is still many years in 
the future. Meanwhile, MEA will bridge two eras in aircraft technology as airplanes shed some of the 
traditional pneumatic and hydraulic systems for lighter, simpler, electric and electronic replacements. 

Power electronics plays a significant role in the advancement of MEA technologies in terms of improv- 
ing system efficiency, architecture, size and so on. In terms of power generation, in all likelihood, the 
aircraft’s primary electrical power will remain as AC obtained from generators driven from the engines 
for the foreseeable future. Some interest has been shown in fuel cell technology, which could produce 
DC output for ground power, where its quiet operation would compare favorably with that of the APU. 
However, this is probably still some way off for both the military and commercial aircraft markets. The 
use of hybrid fuel cell APUs consisting of a solid oxide fuel cell and gas turbine has also been examined 
for powering electrical loads in an aircraft, but this technology is still in the feasibility study stage. The 
distribution of the primary power could be AC or DC and each approach has its merits and limitations. 
The move to a higher voltage generation and distribution would lead to a decrease in the mass of cables 
and loads and significant benefits from the use of higher voltages can be derived. 

The main objectives are to obtain high power and volume density, high efficiency, reliability and the 
ability to withstand harsh environments. In addition, closer integration of power electronics and the 
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electric machine might be required for operation in the hostile engine environment. In addition to the 
above requirements, achieving lower weight and volume is very critical in (MEA) systems. 
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13.1 Introduction 


Conventional vehicles which use petroleum as the only source of energy, represent the majority of exist- 
ing vehicles. However, the shortage of petroleum is considered one of the most critical worldwide issues, 
and increasingly costly fuel is becoming a major challenge for CV users. Moreover, CVs emit green- 
house gases (GHGs), which means that it is becoming harder for them to satisfy increasingly stringent 
environmental regulations. 

One of the most attractive alternatives to CVs is electric vehicles (EVs) or zero-emission vehicles 
that consume electric energy only. However, owing to the limited energy densities of the commercial 
battery packs currently available, the performance of EVs are constrained to be being neighborhood 
vehicles with limitations of low speed, short autonomy and heavy battery packs. As a successful example, 
Canada-based ZENN’s commercialized EV has an average speed of 25 mph and 30—40 miles driving 
range per charge. 

Currently, hybrid electric vehicles (HEVs) are the most promising and practical solution. Their 
propulsion energy is usually from more than two types of energy storage devices or sources, one of 
which has to be electric. HEV drivetrains are divided into series and parallel hybrids. Series hybrids 
are electric-intensive vehicles, because the electric motor is the only traction source and the internal 
combustion engine (ICE) merely works at its maximum efficiency, as an onboard generator to charge 
the battery. 

Keeping in mind the goals of creating an energy-wise, cost-effective and overall sustainable society, 
plug-in hybrid electric vehicles (PHEVs) have recently been widely touted as a viable alternative to 
both conventional and regular HEVs. PHEVs are equipped with sufficient onboard electric power to 
support daily driving (an average of 40 miles per day) in an all-electric mode, using only the energy 
stored in the batteries, that is, without consuming a drop of fuel. This means that the embedded ICE 
uses only a minimal amount of fossil fuel to support driving beyond 40 miles, which results in reduced 
GHG emissions. 
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Fuel consumption of PHEVs can be reduced further by charging the battery from the grid. Thus, it is 
a valid assumption that moving into the future, a large number of PHEV users will most definitely exist 
and that the overall influence of charging the onboard energy storage system (ESS) cannot be neglected. 
Related literature firmly states that by 2020, the market share of PHEVs will increase by about 25%. 
Based on these data, the additional electric energy demanded from the distribution grid for five million 
PHEVs would be approximately 50 GWh per day. Furthermore, the typical charging time would be 7—8 h, 
which might make it hard to accommodate these additional loads in the load curve without increasing 
the peak load. In addition, the required additional charging energy would possibly have an impact on the 
utility system. 

Expanding the electricity system in the conventional way with large generating plants located far from 
the load centers would require upgrading the transmission and distribution systems. Apart from the high 
costs, this could take many years before the right-of-way was obtained. Alternatively, smaller power 
plants based on renewable energy, such as wind energy, which is a cost-effective renewable energy in 
addition to many utilities could be incorporated, or solar energy could be installed in a fraction of that 
time on the distribution system; this is commonly referred to as “distributed generation (DG).” Photo- 
voltaic (PV) presents a modular characteristic, which can be deployed easily on the rooftops and facades 
of buildings. Many corporations are adopting the green approach for distributed energy generation. For 
instance, Google has installed 9 MWh per day of PV on its headquarters, Googleplex, in Mountain View, 
California, which is connected to Mountain View’s section of the electricity grid. Alternatively, it could 
be used for charging PHEVs during working hours, offering a great perk for environmentally concerned 
employees. The energy stored in the batteries could also be used for backup during faults. In Canada, 
the latest projections (2000) indicate that by 2010, renewable DG sources represented at least 5% of the 
total energy produced and 20% of cogeneration, an increase from actual figures of 1 and 4%, respec- 
tively. Therefore, from an environmental point of view, charging PHEVs with solar power is the most 
attractive solution. 

This chapter aims primarily at addressing the practical issues for commercialization of current and 
future PHEVs and focuses on power electronics-based solutions for both current and future EV tech- 
nologies. New PHEV power system architectures are discussed in detail. Key EV battery technologies 
are explained and some of the corresponding battery management issues are summarized. Advanced 
power electronics intensive charging infrastructures for EVs and PHEVs are also discussed in detail. 


13.2 Electric, Hybrid Electric and Plug-In Hybrid Electric 
Vehicle Topologies 


13.2.1 Electric Vehicles 


Generally, EVs include electric motors for propulsion and ESSs, such as batteries, fuel cells, ultraca- 
pacitors, or combinations of these called hybrid energy storage systems (HESSs). EVs include not only 
electric cars but also other types of vehicles, such as electric bikes, electric boats, electric airplanes 
and so on. Nevertheless, the focus of this chapter is mainly on electric cars. Thus, unless otherwise 
stated, when talking about EVs we mean electric cars. EVs that are supplied from batteries, which are 
the most common type, are called battery electric vehicles (BEVs). The very first BEVs were made in the 
mid-nineteenth century because of the operational simplicity of electric motors compared with ICEs, that 
is, the inherent rotational movement of the shaft. However, over the decades, ICE cars replaced BEVs 
largely because of the low range of BEVs owing to low specific energy batteries. 

The main reasons behind the BEV concept nowadays is reducing environmental pollutants and reduc- 
ing fuel consumption. As batteries are the main source of energy in BEVs, they should be sized accord- 
ingly to provide a reasonable driving range and have low weight. To achieve this, many cells should be 
put in series and parallel in a battery pack to provide a suitable voltage and power rating for running 
electric motors. Various issues should be considered in designing battery packs. The charging method of 
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battery packs is an important factor from the aspect of battery pack life cycle, which will be discussed 
later in this chapter. A typical BEV drivetrain topology is shown in Figure 13.1. 

Generally, batteries have much lower specific energy compared with fossil fuels. Hence, to provide 
a reasonable mileage range, very heavy battery packs are needed. Thus, as shown in Figure 13.1, a 
high power density ultracapacitor bank is required, in order to form a hybridized ESS. This gives an 
EV an added power capability in addition to energy capacity. However, the above-mentioned issues and 
some other reasons, such as a lack of charging infrastructure, currently make the options of HEVs and 
PHEVs more attractive. Nevertheless, battery technology is improving steadily and EVs are the ultimate 
transportation goal. 


13.2.2 Hybrid Electric Vehicles 


An HEV utilizes two or more sources of energy for propulsion, for example, gasoline, natural gas, hydro- 
gen, liquid nitrogen, compressed air, wind, solar, electricity and so on. If one of these sources is electricity, 
this vehicle is called an HEV. This electricity can be provided by a battery pack, fuel cell and so on. HEVs 
generally combine ICEs with electric motors to run the vehicle. As mentioned earlier, HEVs may include 
vehicles other than cars; however, here we mean hybrid electric cars, which are the most common type. 
The main purpose of using HEVs, the same as with EVs, is to reduce the amount of emissions and 
fuel consumption, which can be achieved in different ways. The simplest way can be just turning the 
ICE off during idle times, for example, waiting at stoplights; this is called stop-start control strategy. 
Another idea is to convert the kinetic energy of the car to electric energy during braking, instead of wast- 
ing this energy as heat in the brakes. This can improve the mile-per-gallon range by up to 15%. This 
figure is increasing as the efficiency of the wheel-to-battery path components is improving. Different 
configurations of ICE and electric motor are possible in an HEV. They will be described in the following 
sections. 


13.2.2.1 Hybrid Electric Vehicle Topologies 


Series Hybrid Electric Vehicle 

In a series HEV, the ICE acts as a prime mover to run a generator. This generator charges a battery pack, 
which supplies power to the electric motors. In fact, the ICE is the primary source of power; however, the 
HEV runs by the direct mechanical coupling of the electric motor, not the ICE. The benefit arises because 
the ICE can be smaller compared with a car that relies solely on an ICE. Furthermore, compared with 
the ICE of a normal car that operates at different operating points, the ICE in a series hybrid will operate 
at the most efficient operating point most of the time, resulting in an improvement of the efficiency 
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Figure 13.2 Typical layout of a series HEV 


of the entire system. In terms of power flow analysis, the power from the generator could supply the 
electric motors directly. However, to smooth the power transients or variable power demand from the 
electric motors, it is necessary that the battery pack act as an energy buffer. Depending on the design 
and to minimize the stress on the battery pack leading to improved life cycle of the battery pack, banks 
of ultracapacitors might also be used to supply highly transient currents. However, for simplicity, they 
are not considered here. As mentioned earlier, during braking, the kinetic energy can be transformed 
into electrical energy using a generator; hence, the electric machine and motor drive in a series hybrid 
is designed to act as a motor generator. Generally, series hybrids are more efficient for low speeds and 
urban areas. A typical series hybrid power train is illustrated in Figure 13.2. 


Parallel Hybrid Electric Vehicle 

In a parallel HEV, in contrast to the series HEV, the ICE can run directly the HEV in parallel to the 
electric motor. In other words, the ICE or the electric motors or both of them can govern the transmission 
at the same time depending on the driving conditions and control strategy. A typical configuration of a 
parallel hybrid is shown in Figure 13.3. In general, a parallel hybrid is more efficient at high speeds, for 
example, highways. In today’s parallel HEV market, the electric motors are of low power and usually 
less than 30 kW, supported with a relatively small-sized battery pack compared with EVs, because in 
parallel hybrids the electric motor is accompanied by the ICE and, therefore, does not need to supply all 
the power. Furthermore, regenerative braking can be supported in parallel HEVs. 


Figure 13.3 Typical layout of a parallel HEV 
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Figure 13.4 Typical layout of a series—parallel HEV 


Series—Parallel (Combined or Complex) Hybrid Electric Vehicle 

This configuration is also known as a power-split topology; it combines the features of both series and 
parallel HEVs. This configuration is shown in Figure 13.4. As shown in the figure, a power split is 
utilized to divide the output mechanical power from the ICE to the drive shaft or electric generator. 
This ensures that the battery pack is always charged to be able to run the electric motors when needed. 
A series—parallel hybrid can operate in either series hybrid mode or parallel hybrid mode depending 
on the driving conditions and supervisory control strategy. A series—parallel hybrid benefits from the 
advantages of both series and parallel hybrids, that is, it is efficient both in urban areas and on highways. 


13.2.3 Plug-In Hybrid Electric Vehicles (PHEVs) 


A PHEV is the combination of an HEV and an EV, which can be recharged using an electric plug. In fact, 
a PHEV benefits from both the hybrid nature of an HEV and the noticeable all-electric range (AER) of an 
EV. AER simply shows the distance that the PHEV or EV can cover using only the batteries. For instance, 
PHEV-30 means that the PHEV can cover 30 miles on electricity alone. In a simple HEV, the AER is 
relatively small because of the small capacity of the battery pack. However, in a PHEV, the vehicle can 
run for longer on batteries alone. A typical layout of a PHEV is shown in Figure 13.5. 

The battery pack of a PHEV is much bigger and heavier than that in an HEV, in order that it can store 
the required amount of energy [1, 2]. The overall efficiency of PHEVs is much higher than ICE cars. The 
final usage price depends greatly on the price of electricity, because PHEVs require a relatively significant 
amount of energy to get charged. For example, charging a PHEV once per day approximately doubles the 
electrical energy consumption of a mid-sized home. Furthermore, the reduction of the amount of pollu- 
tants depends on the source of electricity used for charging, that is, natural gas, hydro, wind, solar and so 
on. PHEVs have three main topologies, which are the same as HEVs: series, parallel and series—parallel. 

Generally, PHEVs can operate in three different modes: charge-depleting, charge-sustaining and 
blended mode. If the battery has enough charge, the PHEV can operate using only electricity until it 
reaches the end of state of the charge; this is called charge-depleting mode. The battery pack cannot 
provide enough energy and power for acceleration if its state of charge (SOC) is low. In contrast, the 
battery pack cannot absorb available energy from regenerative braking if it is fully charged. Thus, it is 
desirable that the SOC of the battery pack is kept within a range, for example, 60-80%. If the control 
strategy operates the ICE and other parts to achieve this, it is called the charge-sustaining mode. In some 
PHEVs, the control strategy works in such a way that for low speeds, for example, less than 60kmh™', 
the vehicle works in charge-depleting mode and for high speeds, it works in charge-sustaining mode. 
This is called the blended mode. In other cases, the PHEV might operate in different modes for different 
speed ranges depending on the driving conditions and control strategy. This mode is called the mixed 
mode of operation. 
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Figure 13.5 Typical layout of a PHEV power system 


13.3 EV and PHEV Charging Infrastructures 
13.3.1 EV/PHEV Batteries and Charging Regimes 


Replacing conventional ICE vehicles with EVs and PHEVs on a large scale could result in tremen- 
dous benefits in saving our world from the dangerous and ever-increasing rate of emission of pollutants. 
The main benefits in moving toward EVs and PHEVs, such as pollution reduction and a decrease in oil 
consumption, are based on using batteries as a green source of energy. The chemical nature of batteries 
gives them a highly nonlinear behavior and makes them dependent on many factors, such as chemistry, 
temperature, aging, load profile, charging algorithm and so on. To have a specific amount of energy for 
a reasonable AER, tens or hundreds of cells should be connected in series and parallel to make the desir- 
able voltage and current ratings of the battery pack. This causes the nonlinear behavior of the cells to be 
amplified in some aspects. Furthermore, some phenomena are observed only in battery packs and not in 
single cells, such as a thermal unbalance among the cells in the pack. 

EV and PHEV battery packs are relatively expensive compared with the price of the entire car, owing 
to the high number of cells and chemistry types, such as lithium-based, protective circuits and so on. 
Accordingly, the life cycle of these battery packs is very important. Therefore, lower final cost for the 
customer can be achieved by increasing the battery pack life cycle, which results in a deferred need for 
the replacement of the entire pack. To get an idea about the price of battery packs, a real example from 
Honda Civic is mentioned here [3]. There was already news about the Honda Company regarding the 
battery packs of Honda Civics produced between 2006 and 2008. Apparently, some of the battery packs in 
second-generation Honda Civic hybrids, which went into production 5 years ago, are failing prematurely. 
According to regulations in California, there is a 10-year, 150000-mile warranty requirement on the 
components of the hybrid system. The Honda Company has taken some action to solve the problem; 
however, some customers are not satisfied and prefer to change the battery packs themselves. The price 
of these battery packs is about $2000 excluding shipping and installation costs. 

The above-mentioned case shows the importance of the price of battery packs in the commercializa- 
tion of EVs and PHEVs on a large scale. A factor that affects greatly the life cycle of battery packs is 
the charging algorithm. However, other factors such as the charging time play an important role in the 
attraction of EVs and PHEVs. These topics and others related to this area should be handled mainly 
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with a multilevel control and power system called the battery management system (BMS), which takes 
care of all or some of the aspects affecting batteries. The more accurate and comprehensive the BMS 
is, the more reliable, safer and faster the charging procedure can be performed. Designing a highly 
efficient BMS requires very good understanding of the behavior of single cells according to the vari- 
ations of different parameters and the mutations of these behaviors in a packed state with a large number 
of cells. 

In the following sections, at first we describe some basic definitions and aspects in the field of batteries, 
and then based on this, we provide some results such as appropriate charging algorithms, which improve 
the life cycle of batteries. In the following section, we do not want to describe very detailed mathematical 
definitions of different parameters of batteries that can be used for solving problems and design purposes; 
on the contrary, it is just intended to give basic definitions, which will help readers, who may be not 
familiar with these topics, understand the later sections. 


13.3.1.1 Battery Parameters 


Battery Capacity 

This parameter can be assumed simply as the amount of charge that can be drawn from a fully charged 
battery until it becomes fully discharged. An important effect in batteries is that the higher amount of cur- 
rent drawn from a battery, the lower capacity the battery will have. Hence, theoretically, battery capacity 
is defined as the amount of current drawn from a battery that discharges it completely in exactly 1h. 
For example, a battery capacity of 10 Ah means that if a constant current (CC) of 10 A is drawn from 
the battery, it will become discharged completely after 1 h. However, in practice, battery manufacturers 
might use other definitions. Usually, tables of different test results are provided showing the amount of 
time the battery runs under different CC loads and under different constant power loads. In practice, these 
tables provide much more practical information rather than standard definitions, because after produc- 
tion, different loads with different characteristics might be connected to the battery. Nevertheless, the 
amount of time that a battery runs is not predictable exactly, because not all the loads are CC or constant 
power loads. Even if the loads are one of these types, those tables are valid for new batteries and not for 
aged batteries. Therefore, in many design procedures, just rough estimates of battery runtime is calcu- 
lated. The battery capacity is shown in the literature with letters such as “C” or “Q” or other notations. 
The main unit for battery capacity is the ampere hour (Ah); however, based on the size of the battery, 
alternative units might be used, such as milliampere-hour or even milliampere-second in the case of very 
small batteries. 


C-Rate 

This parameter is used to show the amount of current used for charging the battery, or that of a load 
drawn from the battery. We can consider the previous case of a 10 Ah battery as an example. When it 
is mentioned that the charging process is terminated when the charging current falls below C/10 rate 
(10h rate), this means the charging should be stopped when the current becomes less than the amount of 
current with which the battery is discharged after 10h, in other words: 10 Ab/10h = 1 A. 


State of Charge (SOC) 

In its simplest form, SOC can be visualized as the percentage of the remaining water relative to the 
entire capacity of a water tank. In terms of charge, this means the percentage of charge available from 
a battery relative to the entire capacity of the battery. Representing the battery as a water tank gives a 
good approximation; however, it is not accurate because of some of the effects in the batteries such as 
relaxation effect will be described in the following sections. Furthermore, according to aging, the rated 
capacity of the battery reduces over time, and hence, for determining the SOC, the rated capacity should 
be measured or calculated regularly. 
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Depth of Discharge (DOD) 

Again, using the water tank concept, the depth of discharge (DOD) can be assumed as the percentage 
of water that has been drawn from the water tank relative to the entire capacity of the tank. In terms of 
charge, the water can be replaced with electric charge. This parameter is usually used in discharge pattern 
recommendations. For example, the battery manufacturer might recommend the user not to exceed 30% 
DOD in relation to battery lifetime issues. 


Energy Density 

Energy density can be defined in two ways. One is “volumetric energy density,” which is defined as 
the amount of available energy from a fully charged battery per unit volume (Wh17!). The unit liter 
is used mainly for measuring the volume of liquids. Mostly, batteries have a liquid electrolyte and so 
in such cases, it easily makes sense; however, even for solid-state electrolytes such as lithium polymer 
batteries, the same unit is usually used. The other way of defining the energy density is “gravimetric 
energy density,” which is usually referred to as “specific energy,” and is defined as the available energy 
from a fully charged battery per unit weight (Whkg~'). Based on application and the importance of the 
volume or weight, either definition can be used. In the case of EVs and PHEVs, the weight factor is 
usually more important than volume; hence, specific energy would usually be seen in the literature for 
this specific application. 


Charging Efficiency 

The chemical reactions inside the battery during charge and discharge are not ideal and there are always 
losses involved. In other words, not all the energy used to charge the battery is available during discharge. 
Some of this energy is wasted in other forms of energy dissipation such as heat energy dissipation. The 
charging efficiency can be defined as the ratio of available energy from the battery, because of a complete 
discharge, to the amount of energy needed to charge the battery completely. This parameter may be 
mentioned by other names such coulombic efficiency or charge acceptance. The types of losses that 
reduce the coulombic efficiency are mainly losses in the charging process owing to chemical reactions, 
such as electrolysis of water or other redox reactions in the battery. In general, the coulombic efficiency 
for a new battery is high; however, it reduces as the battery ages. 

Hereafter, this chapter will discuss some aspects of batteries in the specific cases of EVs and PHEVs 
regarding charging battery packs. This will help greatly in the design of more efficient and flexible 
chargers based on battery behavior, which will finally lead to the improvement of the battery pack 
life cycle. 


13.3.1.2 Important Characteristics of Common Battery Chemistries 


There exist many types of batteries, which can be found in battery reference books such as [4]; however, 
a large number of them are just produced in laboratory conditions and are still under investigation. They 
are not commercialized because of many factors, such as non-maturity, low energy density, safety, high 
rate of toxic materials, price and so on. Hence, a small group of batteries is available commercially and 
within this, the most frequently used are Pb—acid, Ni-Cd, Ni-MH, Li-ion and Li-polymer. Batteries 
can be divided initially into two categories: primary and secondary. Primary batteries are simply those 
that can be used only once and after a full discharge cannot be used any more. This is because the chemical 
reactions happening inside them are irreversible. Secondary batteries, however, can be used many times 
through recharging. In the case of automotive and traction applications, secondary batteries are of most 
interest, because utilizing primary batteries in these applications seems unreasonable. Here, we will only 
consider secondary type batteries and when we mention batteries, we mean secondary batteries unless 
otherwise stated. 
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Lead-Acid (Pb-acid) 

For over a century, lead—acid batteries have been utilized for various applications including traction. 
Their well-improved structure has led to valve-regulated lead—acid (VRLA) batteries, which can be 
considered as maintenance-free batteries, which is a desirable characteristic for PHEVs. In terms of effi- 
ciency, they have high efficiency in the range of 95-99%. The main disadvantage of lead—acid batteries 
is their weight, in other words, they have a low specific energy (30-40 Whkg~!) compared with their 
counterparts. 


Nickel- Cadmium (Ni-Cd) 

Considering low-power applications, nickel—cadmium (Ni-Cd) batteries also benefit from a mature tech- 
nology, but considering traction applications, their specific energy is low. The typical specific energy for 
this type is 45-60 Whkg~!. They are used mainly where long life and price are of high importance. The 
main applications for this type are portable devices, but in cases that demand high instantaneous currents, 
there use is desirable. However, considering environmental issues, they do contain toxic metals [5]. 


Nickel—Metal Hydride (Ni-MH) 

These have higher specific energy but lower cycle life compared with that of the previous types. In 
general, for the batteries of the same size, Ni-MH batteries can have up to two or three times the energy 
of a Ni-Cd type. The typical value for the specific energy of the present technology Ni-MH batteries is 
in the range of 75—100 Whkg"!. This type is widely used in EVs and PHEVs. 


Lithium-Ion (Li-ion) 

This type has noticeably high specific energy, specific power and great potential for technological 
improvements, providing EVs and PHEVs with perfect performance characteristics such as acceleration. 
Their specific energy is in the range of 100-250 Whkg™!. Because of their nature, Li-ion batteries can 
be charged and discharged at a faster rate than can Pb—acid and Ni-MH batteries, nominating them 
as good candidates for EV and PHEV applications. Furthermore, Li—ion batteries have outstanding 
potential for long life if managed in proper conditions; otherwise, their life cycle can be a disadvantage. 
One of the main reasons for this is the near absence of memory effect in Li-based batteries. However, 
safety issues are weak points of Li-based batteries. Overcharge of Li-ion batteries should be carefully 
prevented, as they have high potential for explosion owing to overheating caused by overcharging. They 
can easily absorb extra charge and thus could explode. Utilizing advanced BMSs can ensure a reliable 
range of operation of Li-ion batteries, even in cases of accidents. In addition, Li-ion batteries contain 
less environmentally harmful materials compared with that of nickel-based batteries. 


Lithium-Polymer (Li-Po) 

Li-Po batteries have the same energy density as Li-ion batteries but with lower cost. This specific 
chemistry is one with the greatest potential for EVs and PHEVs. Recently, there have been significant 
improvements in this technology. Formerly, the maximum discharge current of Li-Po batteries was lim- 
ited to about 1C rate; however, recent enhancements have led to maximum discharge rates of almost 30 
times the 1C rate. This improves and simplifies greatly the storage part of EVs and PHEVs in terms of 
power density, because in some cases, this can even eliminate the need for ultracapacitors. In addition, 
there have been outstanding improvements in charging times. Recent advances in this technology have 
led to some types that can reach over 90% SOC within a couple of minutes, which can increase sig- 
nificantly their attractiveness to EVs and PHEVs because of the noticeable reduction in charging time. 
Because this type is a solid-state battery, having solid electrolyte, the materials would not leak even in 
the case of an accident. One of the other advantages of this type is that it can be produced in any size or 
shape, which offers great flexibility to vehicle manufacturers. 
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13.3.1.3 Basic Requirements of EV/PHEV Batteries 


The basic preferred characteristics of PHEV batteries can be summarized as follows [6]: 


1. High specific energy that results in higher AER and fewer recharge cycles. 

2. High specific power that results in high acceleration characteristics of PHEVs, owing to the high rates 
of current available from the battery without causing any permanent damage to the battery pack. 

3. High number of charge/discharge cycles available and high safety mechanisms built into the battery 
because of high power ratings of battery packs. 

4. Environmentally friendly aspect of the battery, that is, being recyclable and incorporating low amounts 
of toxic materials. 


Cost is also an important concern for commercializing EVs and PHEVs in a large scale. 


13.3.1.4 EV Battery Charging Methods 


Generally, charging is the action of putting energy back into the battery in terms of charge or current. 
Different chemistries need different charging methods. Other factors that affect the choice of the charging 
method are capacity, required time and others. The following are the most common techniques used in 
this process. 


Constant Voltage (CV) 

As is clear from the name, “Constant Voltage” or CV is where a constant voltage is applied to the bat- 
tery pack. This voltage is a value preset by the manufacturer. This method is usually accompanied with 
a current limiting circuit, especially for the beginning period of charging when the battery can easily 
accept high rates of current compared with that of its capacity. The current limitation value depends 
mainly on the capacity of the battery. Depending on the battery type to be charged, this preset voltage 
value is chosen. For example, for Li-ion cells, the value of 4.200 + 50 mV is desirable. The accurate 
set point is necessary because overvoltage can damage the cell and undervoltage causes partial charge, 
which will reduce the battery life cycle over time. Therefore, the circuit used for charging, which can 
be a simple buck, boost, or buck/boost topology, depending on the voltage ratio of input and output, 
should be accompanied with a controller to compensate the source and load changes over time. When 
the cell reaches the preset voltage value, this causes the battery to enter standby mode, ready for later use. 
However, the duration of this idle time should not be very long and should be limited based on the man- 
ufacturer’s recommendations. This method is usually used for lead—acid batteries and Li-ion batteries, 
using the current limiter to avoid overheating the battery, especially in the initial stages of the charging 
process [7]. 


Constant Current (CC) 

CC charging means simply applying a CC to the battery with a low percentage of current ripples, regard- 
less of the battery’s SOC or temperature. This is achieved by varying the voltage applied to the battery 
by using control techniques such as current mode control to maintain the CC. The CC technique can be 
implemented using a “single rate current” or “split rate current.” In single rate, only one preset current 
value is applied to the battery, which is useful in balancing the cells; however, backup circuits must be 
used to avoid overcharging. In split rate CC, different rates of current are applied based on the time of 
the charge, the voltage, or both during different stages of charging. This provides charging that is more 
accurate and balanced charging; however, backup circuits should still be used to avoid overvoltage of 
the cells. In some cases, the CC method with high rates and low duration can be utilized to extend the 
lifetime of batteries. However, this is a very sensitive procedure and it should be performed carefully. 
Ni-Cd and Ni-MH batteries are charged using this method. Ni-MH batteries can be damaged easily 
owing to overcharging; therefore, they should be monitored accurately during the charging process [8]. 
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Taper Current 

This can be used when the source is a non-regulated DC source. It is usually implemented with a trans- 
former with a high output voltage compared with the battery voltage. A resistance should be used to limit 
the current flowing to the battery. A diode can also be used to ensure unidirectional power flow to the bat- 
tery. In this method, the current starts at full rating and gradually decreases as the cell becomes charged. 
As an example, for a 24 V 12 A battery, the charging begins with 12 A when the battery voltage is 24 V. 
Then it drops to 6 A when the voltage reaches 25 V and then 3 A for 26 V, and finally, it is reduced to 0.5 A 
for 26.5 V. This is just a hypothetical example and the values are not necessarily valid. This technique is 
only applicable to sealed lead—acid (SLA) batteries. Taper charging has other disadvantages. As men- 
tioned earlier, this technique uses transformers, which add to the weight of charger and generates heat. 


Pulse Charge 

This technique involves using short current pulses for charging. By changing the width of the pulses, the 
average of the current can be controlled. Furthermore, the charging provides two significant advantages. 
One is the noticeably reduced charging time and the other one is the conditioning effect of this technique, 
which improves greatly the battery life cycle. The intervals between pulses, called rest times, play an 
important role. They provide some time for the chemical reactions inside the battery to take place and 
stabilize. In addition, this method can reduce undesirable chemical reactions that might happen at the 
electrodes. These reactions can be gas formation and crystal growth, which are the most significant causes 
of life cycle reduction in batteries. 


Reflex Charge 

During the charging procedure, some gas bubbles appear on the electrodes and this is amplified during 
fast charging. This phenomenon is called “burping.” Applying short discharge pulses or negative pulses, 
which can be achieved, for example, by short circuiting the battery for very small intervals in a current 
limited fashion, typically two to three times bigger than the charging pulses during the charging rest 
period, results in depolarizing the cell, which speeds up the stabilization process and, hence, the overall 
charging process. This technique is called, among others, “burp charging” or “negative pulse charging.” 
Different control modes of charging along with waveforms and diagrams can be found in [9]. In addition, 
there are other charging methods such as current interrupt (CI), which will be explained in detail in 
Section 13.8.1.9. 


Float Charge 

For some applications, when the charging process is complete and the battery is fully charged, the 
batteries should be maintained at 100% SOC for a long time in order to be ready at the time of use. Unin- 
terruptable power supplies (UPSs) are an example of one such application. The batteries should always 
remain fully charged. However, because of the self-discharge of batteries, they become discharged over 
time; for example, they may lose 20-30% of their charge per month. To compensate for self-discharge, 
a constant is applied, which is determined based on the battery chemistry and ambient temperature. This 
voltage is called the “float voltage.” In general, the float voltage should be decreased with the increase 
in temperature. This causes a very low rate of current, for example, a C/300 to C/100 rate to the bat- 
tery, which continuously compensates for the self-discharge rate, also prevents sulfate formation on the 
plates. This technique is not recommended for Li-ion and Li-Po batteries. Furthermore, this method is 
not necessary for EV/PHEVs, which are frequently used every day. In addition, float charging involves 
a protection circuit, which avoids overcharging. This circuit adjusts the float voltage automatically and 
interrupts charging at some intervals based on battery voltage and temperature. 


Trickle Charge 
Trickle charging is largely the same as float charging with just small differences. One difference is the 
usual absence of a protection circuit that avoids overcharging. Hence, it is very important to make sure 
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in the design procedure that the charging current is less than the self-discharge rate. If so, they can be 
left connected to the battery pack for a long time. 


13.3.1.5 Termination Methods 


During the charging procedure, it is very important to know when to terminate the charging. This is 
because of two main reasons. One is to avoid undercharge, that is, to make sure that the battery is fully 
charged, not partially, in order to use the full capacity of the battery. The other is to avoid overcharging, 
which is very dangerous, especially in the case of high energy density lithium-based EV/PHEV battery 
packs. If not terminated on time, the overcharging of batteries can lead to over gassing of the cells, 
especially in liquid electrolyte cells, which results in an increase in the volume of individual cells that 
cannot be tolerated in a battery pack, which is rigidly packed. Another issue is the overheating of the 
cells, especially in lithium-based batteries, which can lead to an explosion and fire in the entire pack, 
because lithium is a very reactive material and combines easily with oxygen in the air. The one thing 
necessary to begin the combination is sufficient heat. 

Choosing different termination criteria leads to different termination methods. Selecting the type of 
termination of charging process depends on different factors, such as the application and the environment 
in which the battery is used. The following are the different termination methods used in this process. 


Time 

Using time is one of the simplest methods, which is mainly used as a backup for fast charging or nor- 
mally used for regular charging for specific types of batteries. This method can be implemented cheaply; 
however, because of diminishing battery capacity over time due to aging, the time should be set for a 
reduced capacity aged battery to avoid the overcharging of old batteries. Therefore, the charger would 
not work efficiently for new batteries and this leads to a reduction in battery lifetime. 


Voltage 

As mentioned earlier, voltage can be used as a termination factor. The charging process is stopped when 
the battery voltage reaches a specific value. However, this method has some inaccuracies, because real 
open-circuit voltage is obtained when the battery is left disconnected for some time after the charging. 
This is because chemical reactions happening inside the battery need some time to stabilize. Neverthe- 
less, this method is widely used, usually with a CC technique in order to avoid overheating damage to 
the battery. 


Voltage Drop (dV/daT) 

In some chemistries like Ni-Cd, if charged using the CC method, the voltage increases up to the fully 
charged state point and then the voltage begins to decrease. This is because of oxygen build up inside 
the battery. This decrease is significant such that the negative derivative of the voltage versus time can be 
measured to be a sign of overcharge. When this parameter becomes positive, it shows that we are passing 
the fully charged state and the temperature begins to rise. After this point, the charging method can be 
switched to trickle or float charge, or terminated completely. 


Current 

In the last stages of charging, if the constant voltage method is used, the current begins to decrease as 
the battery reaches the fully charge state. A preset current value such as the C/10 rate can be defined and 
when the current goes below this value the charging would be terminated. 


Temperature 
In general, an increase in temperature is a sign of overvoltage. However, using temperature sensors adds 
greatly to the cost of the system. Nevertheless, for some chemistries such as Ni-MH, methods such as 
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voltage drop are not recommended, because the voltage drop after the full charge state is not sufficiently 
significant to be relied on. In this case, the temperature increase is a good sign of overvoltage and can 
be used. 


13.3.1.6 Cell Balancing 


For applications demanding high power and energy such as EV/PHEVs, numerous cells should be con- 
nected in series to provide high voltages and connected in parallel to produce high currents. Hence, 
in general, high-power and high-energy rates for traction applications are achieved. This seems ideal; 
however, there are disadvantages involved. It is often claimed that single cells produced by different 
manufactures are rechargeable hundreds of times over; however, when connected in series their life cycle 
declines dramatically. This is because of cell imbalances. To get an idea about the significance of this 
effect, the results of a real experiment from [10] are mentioned here. In an experiment, 12 cells were 
connected in series. Despite the manufacturer claiming life cycles of 400 cycles, this was reduced to 
only 25—30 cycles when the cells were arranged in a string. This shows how devastating this effect can 
be. To deal with this, the reasons for cell imbalance should be understood and managed. Batteries are 
electrochemical devices. Even in the case of a simple resistor, there is a percentage of error. In the case 
of batteries, this is magnified. Two different cells produced in the same factory at the same time will have 
a slight difference in their parameters. One of these parameters is capacity difference. In the case of a 
battery pack, there are different reasons leading to cell imbalance. As mentioned in [11], there are four 
fundamental factors leading to cell imbalance: manufacturing variations, differences in self-discharge 
rate, differences in cell age and charge acceptance variance. Similarly, in [12], cell imbalance is classi- 
fied as internal sources, which include “variations in charge storage volume” and “variations in internal 
battery impedance” and external sources resulting from “protection circuits” and “thermal differential 
across the battery pack.” 

To explain simply what is happening, again we refer to the water tank visualization of cells. Suppose 
different cells with different capacities are connected in series. It is like assuming that different water 
tanks with different volumes are connected using pipes at the bottom of tanks. If the first tank is supplied 
with water, the level of water in all the tanks rises evenly. After some time, those tanks with lower 
capacity become full of water whereas others are only partially filled with water. To fill completely the 
higher capacity tanks, there is no alternative other than overfilling the lower capacity tanks. 

Returning to the real situation, it is easy to guess what happens in the case of battery strings. Fully 
charging the high-capacity cells involves overcharging lower capacity cells. This will lead to excessive 
gassing and premature drying out of lower capacity cells, and at the same time, sulfate formation in the 
partially charged cells will lead to a reduction in their life cycle. Overcoming this effect is the main task 
of cell equalization circuits and their control algorithms. It should be noted that in the case of EVs, the 
batteries are usually completely charged up to 100% SOC; hence, cell balancing is an important issue. 
However, in PHEVs, batteries are intended to be kept in the range of 40-80% so that they can provide 
sufficient energy, while being able to absorb regenerative power at the same time. Cell equalization 
techniques for series strings fall into three main groups: (i) charging, (ii) passive and (iii) active. 

It is important to note that in cell balancing, the SOC is the key point and not voltage itself, although 
voltage is a good sign of the SOC. However, if other techniques that can determine the SOC are available 
more accurately, they may be used. As mentioned in [13], cell balancing in a series string really means 
equalizing the SOC of the cells, which is equivalent to voltage balancing. Voltage is a useful indicator of 
the SOC. Different SOC estimation techniques will be studied later. 


1. Charging: Charging method is simply continuing charging the cells until they are all balanced to some 
extent. This implies overcharging the cells in a controlled manner, which leads to the full charge of the 
higher capacity cells. This method is applicable to lead—acid and nickel-based batteries as they can 
tolerate overcharge to some degree without significant damage. However, this should be implemented 
carefully because extra overcharge leads to overheating of the cells and, eventually, premature drying 
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of the electrolyte. Despite the simplicity and low cost of this method, there are disadvantages, such 
as low efficiency and long times required to obtain cell balance. Experimental results from [14] show 
that for actual cell equalization of 48 V batteries of a specific chemistry, weeks of time are required. 
Furthermore, results from [10] show that the extra time needed using this method increases with the 
square ratio of the number of cells added. 

2. Passive: In this method, the extra energy in the lower capacity cells is dissipated in resistive elements 
connecting two terminals of the cells. This will provide enough time for the higher capacity cells to 
become fully charged. This method has also low efficiency because of the energy dissipation; never- 
theless, it has a higher speed than the charging method. The passive technique is also cheap and easy 
to implement and the control algorithm can be easily designed. 

3. Active: Active cell balancing involves using active electrical elements, such as transistors, op-amps 
and diodes to control the power flow between the different cells. This flow can be between groups of 
cells or single cells. Obviously, extra charge is removed from the lower capacity cells and transferred 
to the higher capacity cells. This speeds up the charging procedure significantly because no energy is 
dissipated. Just a small amount of energy is dissipated in the circuitry, which can be minimized using 
zero voltage or zero current switching techniques if possible. 


Let us consider lithium—ion batteries, which are one of the most attractive candidates for EV/PHEVs. 
In this chemistry, the voltage should be carefully monitored and rigorously controlled in the typical 
range of 4.1—4.3 V per cell because the threshold voltage leading to the breaking down of the cell is 
very close to the fully charged cell voltage. As mentioned earlier, lithium batteries cannot tolerate being 
overcharged. Hence, the charging technique is not applicable to them. According to safety issues related 
to lithium-based batteries, active balancing is the only reliable cell equalization technique for them. 

Various types of cell-balancing techniques can be found in the literature. Hence, there is a need to cat- 
egorize them based on a certain criterion. Based on energy flow, they can be classified into four different 
groups: (i) dissipative, (ii) single cell to pack, (iii) pack to single cell and (iv) single cell to single cell. It 
is easy to imagine the operation of each category based on the name. There are advantages and disadvan- 
tages for each group. For instance, the dissipative shunting resistor technique is a low-cost technique. In 
addition, it is easy to control because of the simple structure leading to simple implementation [15]. 

In addition to the criterion of energy flow for categorization, cell-balancing techniques can be split into 
three main groups based on the circuit topology: (i) shunting, (ii) shuttling and (iii) energy converter. 
Non-dissipative techniques such as the pulse-width modulation (PWM)-controlled shunting technique 
have high efficiency, but need accurate voltage sensing and are somewhat complex to control [16]. In 
addition, the high number of elements leads to an expensive system. The use of resonant converters 
increases the efficiency significantly because of the very low switching losses; however, it increases the 
complexity of the control system [17]. 

Shuttling techniques work based on transferring the extra charge of a high-capacity cell or cells to 
an energy-storing component, such as a capacitor or a group of capacitors, and then transferring it to 
the low-capacity cell or cells [18]. The system would be cheaper if only one high-capacity capacitor 
was used; however, because of the existence of only one element for charge transfer, the speed of the 
equalization is lower compared with that of a group of capacitors used. Utilizing a group of low-capacity 
cells instead of one high-capacity cell is a good idea, although it increases the complexity of the control 
system. 

Most techniques of energy converter cell equalization utilize transformers. The achieved isolation from 
transformers is an advantage; however, they suffer from more costly weight. A model and transfer func- 
tion of the energy converter cell equalization system is derived in [19], which can be used for control 
design purposes. 

The above-mentioned cell-balancing techniques are all summarized and explained, together with cir- 
cuit topologies in [20]. The questions that arise are how much the cells should be balanced and whether the 
balance range should be in the range of volts or millivolts. As experiments from [13] show for lead—acid 
batteries, cell-to-cell voltage matching should be in the range of 10 mV, which corresponds to the SOC 
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to provide reasonable improvements in life cycle. This is an important factor, because, for example, if 
the voltage matching should be in the range of 1 mV, this means that the sensors should be 10 times more 
accurate and also that the algorithm might need improvement for this case. This means more cost and 
might be complex. Therefore, there is a trade-off between expense and life cycle. This parameter should 
be verified experimentally for different chemistries, environments and applications. 

As EV/PEHV battery packs do not possess a mature technology and because there are few experimental 
data available, contradictory claims may sometimes be seen in the literature, one of which is mentioned 
here. As mentioned earlier, battery packs used in HEVs are usually controlled to remain in the mid-range 
of the SOC. This is in order that the battery has the ability to absorb enough regenerative current, while 
still being able to provide sufficient power during acceleration. If the battery is in 100% SOC, absorb- 
ing regenerative current will lead to the overcharge of the battery. Cell overcharge is usually sensed 
through measuring the cell voltage. Some researchers believe that switched capacitor cell equalization 
techniques (shuttling method) are suitable candidates for applications with no end-of-charge state like 
HEVs, because there is no need for intelligent control and it can work in both charge and discharge modes 
[20]. On the other hand, some others believe that according to the nearly flat shape of the open-circuit 
terminal voltage of lithium-ion cells in the range of 40-80%, the suitability of charge shuttling methods 
for HEV applications is denied because of the negligible voltage deviation of the cells [15]. 


13.3.1.7 SOC Estimation 


One important piece of information necessary for safe charging is the SOC. Charging algorithms are 
mainly based directly or indirectly on SOC. Hence, the knowledge of the SOC value is a key parameter 
in accurate charging. Unfortunately, measuring the SOC directly is impossible, or at least very difficult 
and expensive to implement. Therefore, generally the SOC is estimated based on other variables or states 
of the battery. This involves battery models based on which different estimation methods can be utilized 
or observers can be designed. Precise estimation of the SOC is not an easy task; however, in usual appli- 
cations battery voltage, which is a sign of SOC, can be used. In the case of high-power/high-energy 
EV/PHEV battery packs, methods that are more accurate are advisable, despite being more expensive 
and complex to implement. The more accurate the SOC estimation, the better the charging algorithms 
can be implemented, which results in life cycle improvements. 

As mentioned earlier, the SOC is mainly the ratio of available charge to the rated capacity of the cell. 
One of the important points in SOC estimation is the rated capacity change over time owing to the aging 
resulting from the degradation of the electrolyte, corrosion of plates and other factors. This issue is in the 
field of analyzing the state of health of the battery, and it is called “State of Health Estimation,” which 
is a field of research not mentioned further here. 

However, we will mention some SOC estimation techniques. One of the simplest methods is to dis- 
charge the battery completely and measure the SOC. Although simple, it is very time consuming and 
does not seem logical to discharge a battery completely just to measure the SOC. Knowledge of the SOC 
is useful for assessing the current situation of the battery; therefore, if the battery is discharged the state 
of the battery has changed and there is no more use for knowledge of the previous SOC. Furthermore, in 
the case EVs/PHEVs, this method is not applicable. Although this method is not used in battery packs, 
it may be used periodically after long intervals to calibrate other SOC methods. 

Another method is Ampere Hour Counting, which measures and calculates the amount of charge 
entering the battery or leaving it through integrating the current over time. This is one of the most com- 
mon methods used; however, there are some deficiencies. There are always inaccuracies in sensors and 
although very small, because of the integration over time, these errors can accumulate to a considerable 
value leading to significant errors. In addition, even supposing a very accurate current sensor, because 
this integration is implemented usually by digital circuits and numerical methods, there are always cal- 
culation errors involved, and again these can show up in larger errors over time. Even if assuming that 
both deficiencies could be solved in some way, there is another reason leading to inaccuracy. Even if the 
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amount of charge entering the battery is calculated exactly, because of the coulomb efficiency mentioned 
earlier, less amount of charge is available, which is also dependent on the discharge rate when leaving 
the battery. One way to reduce these inaccuracies is to recalibrate the integration process each time a 
specific known set point, such as the fully discharged state, is reached. 

Another method for SOC estimation is the Measurement of Physical Characteristics of Electrolyte. 
Obviously, this method is applicable mainly to liquid electrolyte batteries, not to solid electrolyte batteries 
like Li—Po. In this method, a chemical fact is used, which is the relation of change of some parameters 
in the electrolyte with the change of the SOC. One of these parameters is the density of the acid. There 
is an almost linear relation between change in acid density and SOC. This method is very well known, 
especially in lead—acid batteries. The density can be measured directly or indirectly using parameters, 
such as viscosity, conductivity, ion concentration, refractive index and ultrasonics. 

As discussed earlier, the Open-Circuit Voltage of the batteries can be used as an indicator of the SOC. 
The uncertainty in this method is the fact that batteries under operation need some rest time for their 
open-circuit voltage to become stable. For some cases, this time can be up to a matter of hours. However, 
this method is also widely used. The key point in this method is the linear relation of open circuit voltage 
versus SOC in a specific range of SOC. This range and its slope are different in different chemistries, 
which should be taken into account. 

There are other techniques categorized under soft computation techniques, such as fuzzy neural net- 
works [21] or adaptive neuro-fuzzy modeling [22], which can also be utilized for SOC estimation. Other 
approaches that can be used include the heuristic interpretation of measurement curves mentioned in 
[23], such as coup de fouet, linear models, artificial neural networks, impedance spectroscopy, internal 
resistance and Kalman filters, which are more precise methods but more complicated to implement. 


13.3.1.8 Charging Algorithms 


Charging algorithms can be defined as the combination of what was mentioned previously and the con- 
trol of all or part of the parameters affecting battery performance and life cycle in such a way that battery 
pack charging and the timely termination of charging can be achieved safely and efficiently. Managing 
the charging procedure of a high-power battery pack with hundreds of cells involves many issues, as 
mentioned earlier. The control of all these aspects needs efficient and accurate algorithms with reliable 
safety and backup circuits. The trend toward fast charging, in which huge amounts of current flow into 
the battery pack producing significant quantities of heat, needs accurate and reliable supervisory control 
algorithms to ensure safe charging. Managing this complicated task can be handled with some advanced 
control topics, such as fuzzy logic, supervisory control and decentralized control. In general, the chem- 
istry of each battery needs its own charging algorithm. However, depending on the algorithm, it might 
be applicable to other types as well, although this should be done carefully according to life cycle issues. 

For precise battery charging, the charge/discharge profile of the battery provided by the manufacturer 
may be used. However, the profile is valid for new batteries, and thus it is better to use other techniques 
such as data acquisition methods to acquire the charge/discharge profile of the battery. Novel techniques 
regarding this issue are regularly being introduced in the literature [24]. 

As mentioned earlier, lead—acid batteries have a mature technology and the infrastructure is already 
in place; however, they have poor life cycles of the order of just 300—400 cycles. Much effort has been 
put into research for increasing the life cycle of this chemistry because of its many advantages, such as 
cost and availability. This chemistry has a common algorithm, which includes four different stages, or 
perhaps just three based on the application. In the first stage, a predefined CC is applied to the battery 
pack, which charges the cells at high speed. In this stage, the cell voltages increase gradually because 
of the SOC increase. This is called the Bulk Charge stage. The process is continued until a predefined 
maximum voltage is reached. These values are recommended by the manufacturer in the datasheet. In 
the next stage, called the Absorption Charge stage, constant voltage is applied to the battery pack. At 
this stage, the current decreases gradually until it again reaches a predefined C-rate value. Now the cells 
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Figure 13.6 Charging algorithm of a typical lead—acid battery 


are approximately charged, but not equalized because of cell imbalance. At this stage, a relatively higher 
voltage than the constant voltage stage can be applied to the pack to balance all the cells inside the 
pack. This stage is called the Equalization Charge stage. This can also be achieved with other techniques 
mentioned earlier, especially during the previous two stages. After some time, the charger switches to 
Float Charge mode to keep the battery in a ready state. Depending on the application, this stage can be 
omitted. This stage is called the Float Charge stage. This process is illustrated in Figure 13.6. 

As the battery ages, its internal characteristics also change; hence, an adaptive charging algorithm 
should be used to take into account these changes. Experiments show that the value of the voltage of the 
third stage should be increased over time to obtain the same amount of energy as the battery ages [25—27]. 
The equalization stage is the key part of this algorithm and it has great influence on the life cycle of the 
battery. As mentioned, the voltage of this stage should be increased, but this increases the current and 
also the heat generated, which has a negative effect on the life cycle. One way to obtain the same amount 
of current with lower heat dissipation is by using pulses of current. This technique appears the same as 
pulse charging, but it is different, because the time intervals are significantly larger than the pulse charge 
periods, which are in the range of kHz. This method is called Current Interrupt or CI. This technique has 
shown significant life cycle improvements [28]. Using this algorithm, the battery can reach 50% of the 
initial capacity after 500 cycles, which is a significant improvement in life cycle. Although this algorithm 
is useful, it puts the battery under stress as it nears the end of its life because of its permanent increase 
in the overvoltage value. This algorithm can be implemented in an alternative way. Instead of using this 
method in each cycle, which puts high stress on the battery, it can be utilized every 10th cycle. This algo- 
rithm is called partial state-of-recharge cycling (PSOR) [28], which has approximately the same effect 
with the advantage of lower stress on the battery. This algorithm has been claimed to enable the battery to 
deliver up to 80% of the initial capacity after 780 cycles, which is a noticeable improvement in life cycle. 

As can be seen, these complicated algorithms cannot be done using simple proportional-integral (PI) 
or proportional-integral-derivative (PID) controllers. They need digital signal processor (DSP)-based 
controllers to be programmable based on the chemistry and state of health of the battery and other factors. 
Different algorithms for improving the life cycle of batteries are being proposed and tested every day. 
This is a vast research area, which is developing and receiving more attention as EVs/PHEVs become 
increasingly popular. 
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13.4 Power Electronics for EV and PHEV Charging Infrastructure 


In its simplest incarnation, a charging facility for EVs would consist merely of a unidirectional AC/DC 
converter—charger connected to the power grid. Power would simply flow on demand from the power 
grid, through a power conditioner, into the vehicle battery pack. Once the battery is fully charged, the 
connection to the grid no longer performs any useful work. This simple set up may have been appropri- 
ate for small private commercial vehicle fleets or where electric cars represented a very small fraction 
of the active road vehicles. However, as society’s efforts to electrify our means of transportation inten- 
sify, it is clear that a smarter exploitation of the vehicle-to-grid (V2G) interaction is in order. To the 
power utility, the bulk of EVs connected to its grid appears as an energy storage agent that is too sig- 
nificant to be left untapped. This view is reinforced by the outcome of several statistical studies [29] 
that show that more than 90% of all vehicles are parked at all times, thus potentially connected to the 
grid. Assuming a 50% EV market penetration, simple calculations show that the total storage capacity 
available would be in the order of thousands of GWh. Therefore, the V2G connection should be bidirec- 
tional, giving the owner of each vehicle the ability to “sell” back a portion of this stored energy to the 
utility, presumably at an advantageous rate. The same requirement of bidirectionality also applies when 
the vehicle is connected to a microgrid powered by a distributed resource. In a grid-connected solar car- 
port, for instance, many vehicles can be charged by PV panels (or by the grid or by both), depending 
on the load and insolation (time of day, meteorological conditions, time of year, etc.). In the case of 
overproduction, energy from the panels can be fed back to the grid for a profit, while the EV batteries 
function to buffer the characteristic solar intermittence. Similarly, the DC-DC converters that condition 
the power from the solar panels to each charging vehicle should also be bidirectional, in order to allow 
the owner of a plug-in EV (PEV) to exchange a portion of this energy with the operator of the microgrid 
(Figure 13.7). 

These considerations demonstrate that bidirectionality is a highly desirable feature in any power condi- 
tioner utilized in vehicle charging—discharging applications, including interactions to and from the grid, 
microgrid, or residential loads and renewable energy generators. On this basis, the reader should note 
that the discussion that follows makes no distinction between V2G and grid-to-vehicle communication, 
both being classified by the acronym (V2G). Similarly, (V2H) will designate either the vehicle-to-home 
or the home-to-vehicle interface. 

Other requirements for the optimal charging infrastructure are harder to identify. This is because of 
the pervasive lack of standardization involving battery technology and nominal voltage, safety strategy, 
connector configuration, communication protocols, location of charger (onboard or off-board) and more. 
In the following sections, these issues are treated with particular reference to their impact on local power 
generation and utilization. 
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Figure 13.7 Typical PV-powered grid-tied carport architecture 
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13.4.1 Charging Hardware 


Like any other means of transportation, EVs/PHEVs benefit markedly from minimizing their weight. 
These vehicles are even more sensitive to that issue, considering the unavoidable presence of heavy 
battery/ultracapacitor energy packs. The electronic power converters intended for the charging function 
can be bulky and heavy in their own right, and their deployment onboard seems to make little engineering 
sense. However, at the time of this writing, the great majority of PEVs in North America contains their 
own power rectifier and can connect directly to 120 or 240 V household plugs. This can be explained by 
two considerations. Firstly, although the household AC voltages are fully standardized, at least within 
a specific country, the DC nominal battery voltage for PEVs is definitely not standardized. Different 
manufacturers have adopted ad hoc energy storage technologies and safety strategies, resulting in strik- 
ingly different bus voltages and current requirements. An unsophisticated external converter could then 
be optimized for only one vehicle brand or model. 

Secondly, some techniques have been developed that do not add significant weight to the vehicle. The 
critical idea is to utilize the power electronic circuitry that is already onboard in order to perform the 
rectifying function. This charging circuit is commonly referred to as an “integrated charger”; it makes 
use of the bidirectional inverter that drives the electric motor, as well as the windings of the motor itself. 
Figure 13.8 shows a well-known example of this concept. 

With regard to Figure 13.8, it is important to realize that inductors LS1, LS2 and LS3 are not added 
magnetic devices, but the actual winding leakage inductances of the electric motor. Thus, the only added 
components are the two relays K1 and K2, which are activated in order to reconfigure the schematic from 
a three-phase motor driver, during normal vehicle propulsion operation, to a single-phase boost rectifier, 
during charging. 

The above two considerations are consistent with relatively slow-charging strategies. In the first 
instance, it is because the amount of electric power available in a residential setting does not usually 
exceed 10 kW at a household plug; and in the second instance, it is because the electronics that drive a 
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Figure 13.8 Integrated charger based on boost converter [30] 
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PEV electric machine is sized for its propulsion needs. Thus, the average charging power must be limited 
to a level comparable to that of the motor’s rated power, which is of the order of 10-50 kW in smaller cars. 

Slow-charging strategies are commonly referred to as Level 1 and Level 2. The former is associated 
with a connection to a regular AC household plug (120 V, 15 A), whereas the latter involves power that 
can be as high as 14.4kW or 240 V at 60 A, which is also normally available in residential settings. 
Moreover, these power levels are compatible with the average generating capacity of microgrids and 
the corresponding distributed resources. Then, it would appear that whether a car is charged through a 
regular residential wall socket or a microgrid outlet, the available power levels justify the location of the 
rectifier onboard the vehicle. 

However, EV manufacturers are quickly recognizing that long charging periods might be acceptable to 
consumers only if quick charging is available as well, albeit at higher cost. Two solutions are presently 
under consideration. The first solution is the so-called battery swapping, whereby a car owner sim- 
ply drives to a service station and allows an automated system to replace safely a spent battery with 
a fully charged battery. Along the same lines, the battery could be of the redox flow type. In this case, the 
battery casing is not replaced; on the contrary, it is drained and then filled with fresh liquid electrolyte. 
In either forms, the obvious drawback is the need for the exact standardization of battery size, chemistry 
and capacity. 

The second solution consists of allowing direct access to the battery DC terminals, so that a large 
off-board rectifier could be connected to re-energize the battery pack using powers of the order of up 
to several hundred kilowatts. This is known as Level 3 charging, allowing an electric “fill-up” service 
stop to last only a few minutes. In this instance, although the battery itself might not need a high level of 
standardization, it would be subject to extremely high currents at high voltages. This renders the prac- 
tical implementation of this second solution strongly dependent on necessary improvements to battery 
and ultracapacitor technologies. Furthermore, a public charging station capable of servicing many cars 
simultaneously would represent a local load of several megawatts as seen by the grid. 

Despite these difficulties, it is highly likely that either the battery swapping or the fast-charging strategy 
will eventually be available universally to complement, or even replace, the onboard charger. 


13.4.2 Grid-Tied Infrastructure 


Assuming that fast charging through direct DC connection becomes the method of choice, car owners 
will have two options. They may still prefer to slow charge their vehicles overnight by plugging it into 
an AC-DC charger (or electric vehicle supply equipment, EVSE), most probably in their homes. This 
converter will deliver relatively low power of the order of 5-10 kW because of the limitations of the 
residential connection, as mentioned earlier. However, as further explained in Section 15.5, this method 
might involve some financial returns. The alternative method will be to use a fast-charging public facil- 
ity, corresponding to a familiar service gas station that is capable of multi-megawatt power transfers. 
Although the cost per kilowatt-hour will be high, the owner benefits from charge times in the order of 
minutes rather than hours. 

In both cases, V2G capability enabled by smart grid technology will become a standard feature with 
all EVSEs, whether they are public, commercial, semi-public, or private. This will allow the subsistence 
of a very significant distributed storage resource at the disposal of electric utilities. More specifically, the 
PEV fleet will be optimally positioned to become a significant provider of some ancillary services and 
play arole in offering dispatchable peak power. These services to the electricity supplier will be analyzed 
separately. 


13.4.2.1 PEVs as “‘Peakers” 


A peaker is a small but nimble generating unit that can supply the grid with relatively fast response. 
Historically, natural gas turbines or small hydroelectric plants were the devices of choice for this task. 
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They are active for only a few hours every day, thus providing only limited energy. Thus, a substantial 
fleet of PEVs can carry out this task as a highly distributed resource without significantly depleting their 
batteries. Unfortunately, as long as peak power is not considered a “service,” the utility operator will 
compensate the car owner solely for the energy sold, albeit at a higher peak-demand rate [31]. This 
might not constitute a strong incentive to the car owner who has to consider other factors, such as the 
additional battery and power electronics wear and tear for his vehicle. Nevertheless, future adjustments 
in energy market models are understood to address this among many other issues. 


13.4.2.2 PEVs as Spinning and Non-spinning Reserve 


One of the most lucrative ancillary services is the spinning and non-spinning reserve. The former consists 
of generators that are online, but normally run at very low capacity. In the case of a disruption, such as a 
failure in baseload generation or transmission, these generators are commanded to provide the missing 
power. They must be able to ramp up in less than 10 min and provide power for as long as 1 h or more. 
Non-spinning reserves are not online and are required to ramp up to full power within 30 min. Because 
this is a service, the utility company will pay for the availability of the power as well as its amount. In 
fact, this service is paid even when no power is ever delivered. A PEV owner can provide this service 
naturally and be reimbursed starting at the time he plugs his vehicle into the grid, even if the battery is 
never discharged. In addition, it must be noted that PHEVs have smaller battery capacity than AEVs, but 
contain an ICE that can be started on a V2G command to generate electricity and function as a spinning 
reserve as well. 


13.4.2.3 PEVs as Voltage/Frequency Regulation Agents 


An ancillary service that is even better tailored for PEVs is regulation. It consists of delivering or absorb- 
ing limited amounts of energy on demand and in real time. Normally, the request is automated in order 
to match exactly the instantaneous power generation with the instantaneous load. Failure to do so results 
in dangerous shifts in line frequency and voltage. The dispatched amount of energy has short duration, 
only of the order of a few minutes, but it is requested relatively frequently. Therefore, this is a con- 
tinuous service. It is important to underline that the amount of energy involved is relatively small and 
changes direction quite rapidly and regularly, implying minimal PEV battery discharge for any reason- 
ably short time interval. The near instantaneous response time and the distributed nature of the PEV fleet 
explains why regulation is probably the most competitive application for V2G from the point of view of 
the utility operators. 


13.4.2.4 PEVs as Reactive Power Providers 


Most electronic topologies used for the inverter/rectifier function in the interface of the PEV to the grid 
are fully capable of shaping the line current to have low distortion and varying amounts of phase shift 
with respect to the AC line voltage [32]. This implies that reactive power can be injected into the grid 
on demand and in real time. Furthermore, as reactive power translates in no net DC currents, this service 
can be provided without any added stress to the PEV battery. 


13.5 Vehicle-to-Grid (V2G) and Vehicle-to-Home (V2H) Concepts 


The advantages described in the preceding sections are not presently exploitable owing to a general 
lack of the required hardware infrastructure, as well as the thorny transition to new business models that 
include the V2G concept. The road map toward achieving this goal will probably consist of the following 
several milestones. 
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1. The first milestone is rather rudimentary because it does not yet require bidirectional converters. 
It will consist of a simple owner-selectable option afforded by the vehicle BMS user interface that 
allows the grid to schedule when to activate and deactivate charging. In return, the owner pays lower 
per-kilowatt-hour rates. Communication between the grid operator and the BMS can be done through 
existing cell phone technology, requiring no additional infrastructure or hardware. 

2. The straightforward “grid-friendly” charging time-window strategy described earlier will evolve to 
include more sophisticated algorithms. For instance, the grid might broadcast any updates to the cur- 
rent per-kilowatt-hour cost and let the vehicle’s BMS choose whether to activate charging. Some ancil- 
lary services, such as regulation “down” could become feasible, while regulation “up” will be limited 
by the lack of reverse power flow capability of the EVSE at this stage. The use of aggregators will 
also become widespread. Aggregators are intermediate communication and power distribution nodes 
between a group of vehicles, located in proximity to each other and to the grid. This allows the grid 
to macro-manage a single installment of several vehicles, corresponding to significant power-level 
blocks with somewhat predictable behavior, akin to other distributed energy resources. Furthermore, 
because the aggregator’s consumption will be in the megawatt range, it will allow purchases of power 
on the wholesale market, reducing the cost for each participant vehicle. 

3. Eventually, bidirectionality will become a standard feature for all EVSEs. However, this capabil- 
ity will not be harnessed immediately to achieve controlled reverse power flow to the grid. On the 
contrary, the PEV battery will, most likely, initially service the surrounding premises, probably the 
owner’s home. This scenario, called V2H, will probably precede the full implementation of V2G 
[33] because it effectively bypasses several large infrastructure and technical issues needed for V2G, 
while achieving many of the same results. Through pricing incentives, a PEV parked at the residential 
premises and connected on the customer’s side of the meter could be exploited to absorb energy from 
the grid during times of low demand and transfer it to the household appliances during times of high 
demand. Indirectly, this will shrink the power peaking for the grid while reducing the electricity bill 
for the user. It will also reduce overall transmission losses over the V2G strategy because line current 
will flow only in one direction, from grid to vehicle, and will then be consumed locally. 

4. Moreover, if the household is geared with renewable source generators, the vehicle can immediately 
serve as storage and, during blackouts, as backup power. Although one can find some similarities 
between the concepts of V2H and V2G, there are important distinctions. In practical terms, these 
differences stem from the fact that V2H cannot take advantage of the high predictability deriving 
from statistical averages afforded by very high numbers of vehicles available for V2G operations. 
Simply stated, the real benefits of V2H are not easily estimated because they are dependent on many 
exceedingly uncertain variables, which include the number of available vehicles, commute schedule, 
time duration and distance; PEV energy storage capacity, presence and quantity of quasi-predictable 
local generation (e.g., solar panels); presence and quantity of unpredictable local generation (e.g., 
wind power); residence-specific energy consumption profile; and the presence of additional storage. 
Despite the fact that these issues will require complicated management algorithms in order to optimize 
the use of V2H, some benefits such as emergency backup are available immediately with relatively 
minor upgrades to the residential infrastructure. These upgrades consist mainly of the installation of 
a transfer switch to disconnect the residence from the grid during backup operation and to expand the 
design of the power converter to detect islanding conditions. Furthermore, the EVSE must be capable 
of controlling output current into the line when connected to the grid, but reverting to controlling 
output voltage when acting as a backup generator. 

5. Full V2G implemented with automated options for V2H. The connection would be metered and it 
could include any locally generated renewable energy management. 


13.5.1 Grid Upgrade 


The electric transmission and distribution networks in most industrialized nations must consider changes 
and upgrades in order to fully benefit from the introduction of PEVs as distributed resources. First, we 
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must consider the extent by which the current production capacity will have to be expanded. Various 
studies [34] have suggested that once the typical charging profile for a PEV is scrutinized and, hopefully, 
optimized — charging mostly at night — the installation of a new generation will be unnecessary or min- 
imal at most. In fact, it will have the effect of diminishing reliance on more expensive load-following 
plants, as the overall 24h demand curve will average closer to the base load. Therefore, the main effort 
should be in effectively introducing intelligence into the grid. The hardware and communication stan- 
dards for implementing such intelligence are still under study. A wideband digital interface can take the 
form of PLC (power line communication) or utilize separate communication channels that have some 
market penetration already. In either case, the EV will most likely be treated as any other managed load 
by this smart grid, with the exception of a sophisticated onboard metering device that will have to be 
reconciled with the utility’s pricing model. Presently the two major obstacles to the utilization of PEVs 
as distributed resources are the lack of bidirectionality in the power converters and the lack of recognized 
standards, both software protocols and hardware, for the smart grid function. Of the two, the former is 
by far the easiest to implement, given the well-established characterization of suitable power electronic 
topologies. 


13.5.1.1 Renewable and Other Intermittent Resource Market Penetration 


Owing to recent well-known trends, renewable resources are becoming increasingly prominent in the 
complex energy market mosaic. As long as their penetration level is low, they can be handled easily 
by the current infrastructure, but at present incremental rates, this will not be the case in the future. The 
intermittent nature of solar and wind generation will require a far more flexible compensation mechanism 
than is currently available. Because of this, large battery banks that act as buffers between the generator 
and the grid invariably accompany today’s renewable energy installations. Wind power, in particular, is 
not only intermittent but it has no day-average predictability, as winds can differ hour-to-hour as easily at 
night as during the day, adding an extra amount of irregularity to an already varying load. This suggests 
that PEVs will be called on not only to perform the more manageable regulation tasks but also to aid 
in providing peak power. As noted earlier, this might not find approval with PEV owners unless the 
pricing model is modified. Nevertheless, it is reasonable to ask whether a large PEV contracted fleet 
could perform this task on a national (US) level. Studies have shown [35] that the answer is yes. With an 
overconfident 50% estimation for the market penetration of wind energy and 70 million PEVs available, 
peak power could be provided at the expense of approximately 7 kWh of battery energy per day or about 
10-20% of an average PEV reserve. 


13.5.1.2 Dedicated Charging Infrastructure from Renewable Resources 


The traditional microgrid often relies on diesel generators as a single source of energy. Even in this 
case, any load fluctuations are quite difficult to negotiate, relying solely on the intrinsically slow ramp 
up speeds of the generator itself. The new trend toward integrating renewable resources into microgrids 
greatly amplifies this problem owing to their notorious intermittent nature. On the other hand, the dedi- 
cated generation from renewables for the explicit purpose of PEV charging is gaining more credibility as 
a means to eliminate transmission losses and greatly reduce the overall carbon footprint associated with 
EVs. Such installations would fall into two categories: (i) small installations with or without a grid tie and 
(ii) large installations with grid tie. Small installations can be somewhat arbitrarily defined at less than a 
total of 250 kW of peak production. This would be sufficient to slow charge about 20 vehicles and would 
certainly require local external storage in order to buffer the peaks and troughs in local energy production. 
This is more evident in the case of islanded installations; if any energy is produced in excess, it cannot 
be sent back to the grid, so it will need long-term storage capability. Large installations with a grid tie 
can inject or draw power to and from the grid as a means to equalize the grid during overproduction and 
draw from the line. However, depending on the number of vehicles connected, which can be accurately 
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predicted with statistical methods, some of the PEV resource could be utilized to minimize the size of 
the external storage. Nonetheless, it appears that PEVs could alleviate the inherent issues associated with 
local renewable production for the dedicated purpose of PEV charging, but not eliminate them. 


13.6 Power Electronics for PEV Charging 


The PEV charging process will be enabled by the sophisticated power electronics circuits found in the 
EVSE. Such equipment will be optimally designed depending on the different possible sites and types of 
power connection. We will begin by looking at EVSE connected to the main power grid and then analyze 
dual-sourced systems such as grid-tied renewable energy installations dedicated to PEV charging. A short 
discussion on basic safety compliance strategy follows. 


13.6.1 Safety Considerations 


For off-board chargers, only a few important safety needs affect significantly the power converter 
design: (i) isolation of the battery pack with respect to the chassis and the grid terminals, (ii) ground 
fault interrupters (GFI) to detect any dangerous leakage current from either the grid or the battery 
circuit, (iii) connector interface and (iv) software. A typical EVSE and related connections are shown in 
Figure 13.9. 

Two GFIs detect any breakdown or current leakage on either side of the isolation barrier in order to 
ensure complete protection to the user and to disconnect the high-power circuit immediately in case of 
fault. The battery pack is fully isolated from the chassis because it cannot be grounded properly during 
charging without heavily oversizing the connector cable. In fact, some existing safety recommendations 
require that an active breakdown test be performed on the battery pack prior to every charging cycle. 
At the time of writing, the de facto standard for Level 3 DC charging is the CHAdeMO standard devel- 
oped by the Tokyo Electric Power Company. Although competing standards may eventually overtake it 
in popularity, the description of the CHAdeMO connector demonstrates the safety concerns involved. 
The connector itself will have the mechanical means to lock itself onto the car receptacle in order to 
prevent accidental removal when energized. It will carry the power leads and also the communication 
wires that include a controller area network (CAN) bus digital interface as well as several optically iso- 
lated analog lines for critical commands, such as on/off, start/stop and so on. Every analog signal sent 
by the PEV to the charger (or vice versa) is received and acknowledged through the analog lines. This 
analog interface is sturdier than a digital interface and less susceptible to electromagnetic interference. 
The CAN bus is activated only when more complex information is exchanged. Prior to the start charge 
command, the EVSE communicates its parameters to the PEV (maximum output voltage and currents, 
error flag convention, etc.) and the PEV communicates its parameters to the EVSE (target voltage, bat- 
tery capacity, thermal limits, etc.), and thus a compatibility check is performed. During charging, the 
PEV continuously updates the EVSE with its instantaneous current request (every 100 ms or so) and all 
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Figure 13.9 Typical EVSE safety configuration 


Electric and Plug-In Hybrid Electric Vehicles 411 


accompanying status flags. Once charging is finished, the operator can safely unlock the connector and 
drive away. 

As can be seen, the presence of safety devices, such as the GFIs as well as the sturdy method of analog 
and digital communication, renders the charging process extremely safe, leaving the power electronic 
designer of the EVSE with the relatively simple task of ensuring only the isolation barrier between the 
grid voltage and the PEV floating battery. In fact, the utilization of an isolation transformer can actually 
simplify some designs owing to the added voltage amplification capability afforded by the transformer’s 
turns ratio. This could prove very beneficial if much higher battery voltages become necessary in order 
to increase storage capacity. 


13.6.2 Grid-Tied Residential Systems 


As noted earlier, only Levels 1 and 2 are feasible within the confines of a residential setting. This can be 
accomplished through integrated chargers when available or by an external EVSE. In the latter case, the 
most obvious circuit configuration is a single-phase bidirectional rectifier/inverter powered by a 240 V 
AC/60 A circuit that is readily available from the distribution transformer. The DC-link voltage is then 
processed by a bidirectional DC/DC converter that performs the isolation function. This simple topology, 
shown in Figure 13.10, can be called the canonical topology as it will be repeated, with minor changes, 
for most grid-tied systems irrespective of power rating. 

In North America, the 240 V from the residential distribution transformer is in the form of a split 120 V 
supply, suggesting small modifications to the canonical topology. Figure 13.11 shows two possibilities. 

The two topologies in the figure are similar, but Figure 13.11b has better voltage utilization and 
is better equipped to counter unbalanced loads on the split supply [36]. For the DC/DC converter, 
many bidirectional isolated circuit topologies have been proposed [37]. Typical circuits are shown in 
Figure 13.12a and b. 

When the two controlled bridges are driven independently in phase-shift modulation (PSM), these 
are generally referred to as dual-active bridge (DAB) topologies. In their simplest operation mode, when 
power needs to be transferred from the left-side circuit to the right-side circuit, for instance, the right-side 
insulated-gate isolated transistor (IGBT) switches are left undriven, leaving their antiparallel diodes in 
the form of a regular diode bridge. Under these circumstances, the topology becomes identical to a reg- 
ular PSM converter, which is simple to operate, but not very flexible in terms of voltage gain. On the 
other hand, when both bridges are modulated, power transfer can be accomplished in both directions and 
with great variability ranges on the input and output voltages. In addition, zero voltage switching (ZVS) 
can be assured for all switches for reduced switching loss and generated electrical noise electro-magnetic 
interference (EMI). Other topologies [38, 39] based on the DAB have been proposed with purported addi- 
tional benefits, such as better switch utilization, extended ZVS operating range and more flexible voltage 
amplification. 
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Figure 13.11 Split phase sourced EVSE configurations 
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Figure 13.12 (a, b) Typical isolated bidirectional buck—boost DC/DC converter topologies 


13.6.3. Grid-Tied Public Systems 


A public parking/charging installation would deliver only Level 2 power, given the relatively long plug-in 
times. Because there are several parking locations in close proximity, the power configuration used for 
residential use might not optimal. On the contrary, a single transformer can be installed at the grid, deliv- 
ering isolated power to all vehicles in the facility. By this process, cheaper and more efficient non-isolated 
DC/DC converters can be used without violating safety rules. Figure 13.13 illustrates this configuration 
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Figure 13.14 (a) Central architecture and (b) distributed architecture 


for each charging station. For the entire installation, the architectures shown in Figure 13.14a and b are 
possible. 

In the centralized architecture [40], a single large polyphase 50/60 Hz step-down transformer connects 
to the grid, providing isolation for the entire facility. A large bidirectional rectifier that produces a single 
high-voltage DC bus follows this. Each parking station uses inexpensive high-efficiency non-isolated 
DC/DC converters to process this bus voltage into the appropriate charging current for the individual 
PEVs. Because isolation is either desirable or required, especially on PV panels depending on local elec- 
trical codes, additional storage or generating resources, such as wind turbines and fuel cells, could also 
benefit from a simpler interface to the DC bus. Moreover, the single transformer connection guarantees 
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that no DC current is injected into the grid, doing away with complicated active techniques to achieve 
the same purpose. 

However, these advantages of the centralized configuration are somewhat offset by the following 
drawbacks: (i) the need for a bulky and usually inefficient line frequency transformer, (ii) an expen- 
sive high-power polyphase inverter/rectifier, (iii) single-fault vulnerability in the transformer and central 
inverter rectifier and (iv) lack of voltage amplification in each non-isolated DC/DC converter (otherwise 
afforded by the turns ratio of the high-frequency transformer in isolated topologies). 

In a Level 3 (fast-charging) public facility, other technical challenges must be considered. For instance, 
with battery pack rated voltages in the range of 200—600 V, the overall currents required for fast charging 
will be of the order of thousands of amperes [43]. These currents must necessarily flow through cables 
and especially connectors, causing local thermal issues and loss of efficiency owing to ohmic losses. In 
addition, the charging stations will appear as concentrated loads to the grid, such that any power transients 
produced by the stations are very likely to cause local sags or surges. 

The first issue can be countered partially by brute force methods such as the development of advanced 
sub-milliohm connectors and by minimizing cable lengths by placing the grid step-down transformer 
in physical proximity to the vehicle. It is obvious that any intervening power conditioning electronic 
circuitry should be added only when necessary. This suggests immediately that the architecture of the 
charging station should be distributed rather than central. As can be seen from Figure 13.15a and b, a 
distributed architecture could potentially reduce the number of processors from grid to battery from two 
to one. To be fair, this single stage may not be feasible when managing large input-output voltage ranges, 
especially if buck—boost operation is required (see discussion on the Z-converter later in this section). 
Nevertheless, if an additional DC/DC stage should prove necessary, it will be easily integrated locally 
with the inverter for improved efficiency. Furthermore, a central processor, in addition to constituting 
a single point of failure, as already noted, would have to be rated for the full service station power, 
which could be of the order of a megawatt. In contrast, a distributed architecture benefits from repeated 
circuitry (economies of scale), redundancy for higher reliability and the possibility of power conditioning 
in physical proximity to the vehicles, thereby reducing ohmic losses. 

The issue of the deterioration of power line quality caused by the service station operating transients has 
only been studied for specific geographic locations [41], but possible voltage fluctuations of up to 10% 
have been reported, depending on the length of the feeding high-voltage transmission line. The obvious 
and perhaps sole approach to mitigate this problem is the integration of flywheel, battery, or ultracapacitor 
banks into the charging station. This storage will smooth out the load transients by delivering local power 
when needed and storing power during periods of lower demand. Moreover, it will average out the draw 
from the grid, such that the distribution equipment can be rated at much lower peak powers (by as much 
as 40%) [42]. 

The task of discriminating between the various available electronic topologies is made easier when 
considering the sheer power handled by fast chargers; to wit, up to 250 kW. Obviously, a good candidate 


+ + DC bus 
K xk K = 

tk R fb P P 
O) — Mmm $ Omm 
© re on 


fT HA A TA 


filter 


(a) (b) 


Figure 13.15 (a) Thyristor bridge and active line filter and (b) IGBT bridge 
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must be very efficient, inherently low-noise with low-component count and be capable of high-frequency 
operation in order to control physical size. For the inverter/rectifier section, we must also add the require- 
ment that no significant harmonic content should be present in the line current. In order to obtain input 
currents that are sinusoidal and free of ripple noise, several methods of increasing complexity exist. 

One method uses a three-phase thyristor bridge. The devices are very rugged and efficient in terms of 
conduction loss and have enough controllability to regulate approximately the DC bus [15]. In order to 
remove unwanted current harmonics, an active filter is added. This filter is based on IGBT devices, but 
it only processes a small proportion of the total power. The other method uses a fully controlled IGBT 
bridge in order to achieve excellent input current shaping for extremely low-input current distortion and 
well-regulated, ripple-free DC bus voltage. 

Moreover, fewer components and much higher switching frequencies can be achieved resulting in 
smaller magnetic components. On the other hand, IGBTs have switching losses and more significant con- 
duction losses than thyristors. However, other techniques, although less sophisticated, have the potential 
of realizing the required low current distortion limit without the addition of an active filter. The uncon- 
trolled 12-pulse rectifier shown in Figure 13.16a and b can certainly do this, albeit with the addition of 
significant inductive filtering. As the output DC bus will not be regulated, the subsequent DC/DC con- 
verter design cannot be optimized. Using thyristors can achieve regulation of the bus and possibly still 
achieve the required input current shaping. It is important to note that of the four topologies mentioned 
here, only those in Figure 13.15a and b are bidirectional and, therefore, are the only choices if V2G is to 
be implemented. For the final DC/DC converter, all common basic topologies: boost, buck—boost, buck, 
Cuk, SEPIC and ZETA can be used, so long as they are rendered bidirectional by replacing the diode 
with a transistor device. In this case, these topologies function differently depending on the direction of 
the power flow (see Figure 13.17a—d). 

Different design requirements might suggest different topologies [40], but some of these are more 
difficult to justify objectively. For instance, using the buck—boost/buck—boost (Figure 13.17c) produces 
a voltage inversion from positive to negative that might be undesirable. It also places higher electrical 
stress on the switches, it requires a more sophisticated design for the inductor and it draws pulsed current 
from the battery. Similarly, the ZETA/SEPIC topology has a higher part count, including a capacitive, 
rather than inductive energy-transferring element. On the other hand, as long as the DC bus is guaranteed 
to exceed the battery voltage — a requirement that is assured by the use of the controlled bridge discussed 
earlier — the buck/boost topology (Figure 13.17a), is quite attractive. Furthermore, this topology is readily 
modified in order to divide the task of handling a very large power flow among paralleled modules [41]. 
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Figure 13.16 (a, b) Twelve-pulse rectifier circuits 
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Figure 13.17 (a-d) Basic bidirectional non-isolated topologies 
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Figure 13.18 Interleaved modular approach for the DC/DC converter 


This is shown in Figure 13.18. The amount of converted power can be split among n identical sections 
and the battery ripple current reduced greatly by the well-known technique of phase-shift interleaving. 
Using this circuit with n = 3 and a switching frequency of 2 kHz, for a typical 125 kW application, effi- 
ciencies as high as 98.5% have been reported. 


13.6.4 Grid-Tied Systems with Local Renewable Energy Production 


As noted earlier, when relatively large energy production from intermittent sources is to be tied into the 
grid, a statistically predictable PEV presence could serve the purpose of minimizing on-site dedicated 
storage. This would be the case for municipal carports powered by wind and/or solar generation, where 
the vehicles must be able to interact intelligently with both locally generated and grid-distributed power 
at the same time. The possible scenario described in Figure 13.14a may not be ideal when the renewable 
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Figure 13.19 (a-c) Possible configurations for solar carport 


resource is meant to generate the dominant share of PEV charging energy. On the contrary, by realizing 
the advantages of the distributed configuration, as in Figure 13.14b, one stage of conversion can be elim- 
inated as long as a conversion topology with wide input-output voltage range capability can be found. 

Figure 13.19a—c shows some possible configurations for one of the several charging stations in a 
solar carport. The architecture depicted in Figure 13.19a has the disadvantage of inserting a DC/DC 
converter into the main intended power flow from PV to battery. Moreover, the power drawn from a 
single-phase connection is pulsed at twice the line frequency. This pulsating power takes the form of an 
undesirably high ripple current into the battery. The configuration shown in Figure 13.19b removes the 
ripple issue, but adds an additional conversion stage between the grid and the battery. The configuration 
on Figure 13.19c requires a converter that is capable of bidirectional flow between the PEV and the grid, 
as well as the steering of PV power to either the PEV or the grid in a controlled fashion. Furthermore, 
ideally, this should be achieved by a single conversion stage for all power flow paths and with wide 
voltage range capability. A good candidate for this task is the Z-loaded inverter/rectifier topology shown 
in Figure 13.20a and b. 

The operating characteristics of the Z-loaded converter have been described extensively in the literature 
[44-46]. The most salient feature of this conversion topology is its controllability through two distinct 
modulation modes within the same switching cycle, designated by duty cycle D and “shoot-through” 
duty cycle D,. The gating patterns shown in Figure 13.20b describe the meaning of D and D,. As can 
be seen, during period D,, all four switches are closed simultaneously, causing the inductors to charge 
and ultimately boost the voltage across the capacitor, the battery and the grid terminals. Thus, D, can be 
understood as the duty cycle associated with operation, akin to that of a current-sourced inverter. During 
period D, on the other hand, the bridge operates in a manner similar to that of a voltage-sourced inverter, 
which is essentially a buck. Therefore, with the appropriate utilization of D and D,, both buck and boost 
operations can be achieved, such that the battery voltage can be either higher or lower than the peak of the 
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Figure 13.20 (a) Z-loaded rectifier and (b) gating pattern 
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Figure 13.21 (a) Z-converter application to single-phase and (b) grid-tied PV charging station 


line voltage. This allows a wide line and battery voltage range. Most significantly, owing to the double 
modulation, both the grid and the battery current can be controlled precisely in amplitude and shape 
(sinusoidal for the line current and ripple-less DC for the battery). The maximum power point tracking 
(MPPT) function for the PV string can then be achieved by managing the simple addition of these two 
power flows. 

The topology shown in Figure 13.20a must be modified in order to achieve isolation of the battery 
pack. Therefore, the DAB converter shown in Figure 13.12b can be integrated, resulting in the detailed 
schematic of Figure 13.21a and b. The apparent complexity of the isolation stage is deceptive. In fact, 
it is a simple bidirectional converter using a small and inexpensive high-frequency transformer, which 
runs in open loop at full duty cycle, where all eight switches are driven by the same signal. In addition, 
as the duty cycle is always 100%, ZVS is assured, resulting in efficient operation executed by relatively 
small devices. 

With the inclusion of the isolated DC/DC converter, the need for the 50/60 Hz isolation transformer 
might be called into question. In North America, the grounding of one side of the PV panel has tradi- 
tionally been the required norm. Although the National Electric Code has allowed recent conditional 
exceptions to this safety regulation, utility companies have resisted this change mainly because a direct 
connection to the AC/DC bridge converter can inject dangerous levels of DC current into the distribution 
transformer. On the other hand, should this constraint become less binding in North America, as it is 
currently in Europe, other circuits could be proposed that could prove more reliable and efficient. Many 
so-called transformerless topologies have been proposed [47, 48] and Figure 13.22 depicts a simplified 
schematic for one such possibility. 

In this case, the DC/DC conversion and the rectifier/inverter section are controlled separately, rendering 
the control strategy much simpler. On the other hand, the DC/DC converter is now governed by a feedback 
loop, meaning that it no longer takes advantage of the low switching loss normally associated with 100% 
duty cycle operation. With allowances from the regulatory safety agencies, the PV panels can be floating, 
as long as the circuit has additional protection afforded by GFIs and that it produces no leakage currents 
to ground during normal operation. The last requirement is attained only if the topology guarantees very 
little common-mode voltage on the PV panels during normal operation (note that this cannot be achieved 
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Figure 13.22 Transformerless topology 


with the Z-converter). Nevertheless, the mid-point can still be grounded, as indicated by the dashed line 
in the figure, but at the expense of performance. 

Whichever architecture is chosen, it is clear that the energy transfer cannot be controlled to satisfy 
fully any arbitrary current demands of the PV, the grid and the EV/PHEV battery, simultaneously. In 
fact, many renewable resources are themselves subject to MPPT control, such that the simple power 
balance in Equation (13.1) must be satisfied: 


Pyppr = Prev + Pg (13.1) 


Here, MPPT is the power draw requested by the distributed resource. It has to equal the sum of the 
power absorbed by the grid and the PEV battery (PPEV and PG, respectively). As MPPT is determined by 
external factors, such as clouding in the case of PV, either PPEV or PG can be controlled independently, 
but not both. Which of these is controlled will depend heavily on how the PEV owner decides to utilize his 
vehicle storage resource. Thus, in installations where charging power comes primarily from intermittent 
sources, the need for a significant presence of additional storage on the premises will be diminished, but 
not eliminated. 
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14.1 Introduction 


The demand for clean energy and energy saving has stimulated the rapid growth of sustainable energy 
generation and adjustable speed drives (ASDs). Today’s wind and solar power unit ratings, as popular 
renewable energy sources, reach tens of megawatts. Many laminators, mills, conveyors, pumps, fans, 
blowers and compressors require large ASDs with medium voltage (several kV to tens of kV). In 
addition, flexible AC transmission system (FACTS) devices for the control of power flow, voltage and 
frequency are used to increase transmission capacity, reduce congestion, improve controllability and 
integrate more renewable energy into grids. FACTS devices are normally connected to medium-voltage 
distribution or to high-voltage transmission systems. For traditional two-level inverters used in the 
above applications, step-up transformers and/or zigzag transformers are used to reach the medium- and 
high-voltage levels and to synthesize output voltage to multipulse waveforms. However, transformers 
are bulky, lossy, high cost and present nonlinear/saturation problems that lead to difficulties in the system 
control. 

Multilevel inverters provide a novel approach for reaching high voltage and reducing harmon- 
ics without the use of transformers. With no transformer and less switching frequency, multilevel 
inverters provide higher efficiency, smaller size and lower cost. Presently, there are many multilevel 
converter/inverter topologies, which include the typical cascaded, diode clamped and capacitor clamped 
multilevel structures [1-9]. The cascaded multilevel inverter (CMI) has the lowest component count 
and modularity, and it is most widely used for FACTS, medium-voltage ASDs and renewable energy 
power generation. 

This chapter is dedicated to explaining the basic concept of multilevel converter/inverters, introducing 
the three typical topologies, and describing their pros and cons regarding their most suitable applications. 
A generalized multilevel inverter topology unifies the three typical multilevel inverters and has the abil- 
ity to generate other multilevel topologies, such as modular multilevel converter (M?C), magnetic-less 
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multilevel DC/DC converters, and stacked multicell converters. As application examples in this chapter, 
Y-connection, A-connection and face-to-face-connected CMIs are applied to static var generation (SVG), 
static synchronous compensator (STATCOM) and FACTS. The Y-connection CMI is the most promising 
topology in application to ASDs and photovoltaic (PV) power systems. 

Another emerging application of the multilevel concept is the multilevel DC/DC converter, which can 
achieve a high-voltage boost factor without magnetic components. The elimination of magnetic com- 
ponents not only reduces the converter’s size and loss, but also is more suitable for high-temperature 
applications, because it avoids the saturation and instability factors owing to the dramatic decline of 
magnetic permeability with increasing temperature. This chapter introduces the magnetic-less multi- 
level DC/DC conversion of compact size, high efficiency and suitable for high-temperature application. 
Initially, a derivation of the generalized multilevel converter topology for the magnetic-less 3X DC/DC 
converter is presented. Subsequently, its 3X simplified version, multilevel modular capacitor clamped 
DC/DC converter (MMCCC) and the nX converter are discussed step by step. To reduce power loss 
further, the zero current switching (ZCS) method is introduced. 

Multilevel converters involve a high fault possibility owing to the large number of components. This 
chapter also analyzes the fault tolerance and reliability of multilevel converters. The CMI is used as an 
example to illustrate this topic. 


14.2 Fundamentals of Multilevel Converters/Inverters 
14.2.1 What Is a Multilevel Converter/Inverter? 


A standard three-phase inverter is shown in Figure 14.1a, where the ideal switch represents the power 
semiconductor switch. Each phase leg outputs two values, the so-called two-level voltage. We use the 
phase leg A as an example to clarify this concept. As shown in Figure 14.1b, u, = Vpc when switch S, is 
on (S, is off to avoid shoot-through) and u, =0 when switch S, is on (S, is off to avoid shoot-through), 
and Figure 14.1c shows the two-level output voltage waveform. To generate three voltage values for 
three-level phase leg, one more voltage value has to be added, as shown in Figure 14.2a. In the similar 
manner, for the N-level phase leg, (N — 2) more voltage values should be added, as shown in Figure 14.2c. 
For example, a six-level voltage will be available in Figure 14.2d if N= 6. 

For multilevel inverters with more than three levels, Figure 14.2 just illustrates the multilevel concept, 
not a practical implementation, because some switch voltage stresses are high, for example, S, and S, 
should have the ability to support the entire DC-link voltage. Several practical topologies are shown in 
the following sections. 

Multilevel inverters present many advantages: (i) lower dv/dt, (ii) the voltage waveform is less dis- 
torted with more voltage levels, (iii) it is possible to generate sinusoidal voltage, even with low switching 
frequency, and the resultant low loss is suitable for high-power systems. 
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Figure 14.1 Standard three-phase two-level inverter. (a) Standard three-phase inverter, (b) single-phase two-level 
inverter and (c) two-level voltage 
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Figure 14.2 Single-phase multilevel inverters. (a) Three-level topology, (b) three-level voltage, (c) N-level topology 
and (d) six-level voltage 


14.2.2 Three Typical Topologies to Achieve Multilevel Voltage 
14.2.2.1 Diode Clamped Multilevel Inverter 


The diode clamped (sometimes called neutral-point-clamped, NPC) multilevel inverter is the earliest one 
with the term multilevel [1]. Figure 14.3 shows one phase of the three-level inverter. It is the same as 
Figure 14.2a, where the two capacitors in series support the DC-link voltage, and the neutral point is 
located at the middle point of the two capacitors. The output voltage u, can be of three values: +V,,, 0 
and — Voz. The switches S,, and S,, are turned on for voltage + V,.,; the switches S’,, and S’, are turned 
on for voltage — V œ; and the switches S,, and S’,, are turned on for u, = 0. The diodes D and D’ clamp 
the switch voltages to Vo; or Ve, when S,, and S, are turned on or when S’,, and S’,, are turned on. 
For the high-level number N, each switch voltage stress is only one capacitor voltage, that is, Vpc/N, 
where Vj, is the DC-link voltage. Theoretically, this topology can be extended to any voltage level in 
high-voltage applications with low-voltage devices. 

However, if all the devices, such as block diodes, active devices and capacitors have the same rat- 
ing, each phase requires (N — 1) x (N — 2) additional clamping diodes to provide an N-level voltage. The 
diode number represents a quadratic increase. A large number of clamping diodes cause high cost and 
packaging problems for high-voltage level applications, and in addition, a special control is necessary to 
balance the capacitor voltages. Thus, the majority of practical applications for a diode clamped multilevel 
inverter are limited to below five levels. 


Figure 14.3 Diode clamped three-level inverter 
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Figure 14.4 Capacitor clamped three-level inverter 


14.2.2.2 Capacitor Clamped Multilevel Inverter 


Another implementation of multilevel inverters is called the flying capacitor inverter or capacitor 
clamped multilevel inverter [2]. It uses capacitors to clamp the device voltage, rather than the diodes. 
Figure 14.4 presents a three-level topology. When S,, and S,, are on, us =+V,,; when S’,, and S’,, 
are on, uy, =—V ey; and when S, and S’,, (or S,, and S’,,) are on, u, =0. This topology requires 
many capacitors. If all the devices, such as capacitors and power switches, have the same voltage 
rating, an N-level inverter will require (V— 1) x (N — 2)/2 flying capacitors per phase. In addition, the 
complex control and high switching frequency are necessary to balance each capacitor charge. For 
utility applications, the capacitor number is high to reach high-voltage level. 


14.2.2.3 Cascaded Multilevel Inverter 


As shown in Figure 14.5a, to achieve an N-level output voltage, one phase inverter consists of (N — 1)/2 
full-bridge inverter modules connected in cascade [3-6]. Each full-bridge module generates three 
output voltage levels: +V., 0 and—V.. Figure 14.5b and c uses a nine-level CMI to explain its 
operating principle. The four module output voltages contribute to the phase voltage u,,, that is, 
tan = Vea + Year + Vea3 + Vega Where V a is the output voltage of module x, and x= 1, 2, 3, and 4. 

Fewer components are required in the CMI when compared with that of diode clamped and capacitor 
clamped multilevel inverters, which is well suited to high-voltage applications. For harmonic/reactive 
compensation purposes, there is no need for separate DC power supplies. If separate DC power sup- 
plies are available, for example, with PV panels and isolated transformers, the CMI can be applied to 
medium-voltage ASDs, PV power generation, and so on, and each full-bridge module can have its bal- 
anced DC voltage. 

In addition to the step modulation in Figure 14.5c, many other modulation strategies have been 
reported, for example, the most popular carrier-based pulse-width modulation (PWM) and space vector 
modulation (SVM). Most carrier-based modulation schemes are from the carrier disposition strategy, for 
example, alternative phase opposition disposition, phase opposition disposition, and phase disposition 
(PD). The PD-based phase-shifted carrier PWM is widely applied in CMIs, because of its automatic 
balanced switching transitions between the modules. 


14.2.3 Generalized Multilevel Converter/Inverter Topology and Its 
Derivations to Other Topologies 


14.2.3.1 Generalized Multilevel Topology 


Figure 14.6 shows the generalized multilevel inverter topology, and all switching devices, diodes, and 
capacitors support 1/(N — 1) of the DC-link voltage [10]. As shown in Figure 14.6, we can obtain the 
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Figure 14.5 One phase of CMI. (a) General CMI, (b) nine-level inverter and (c) output voltage waveform of 
nine-level inverter 
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Figure 14.6 Generalized multilevel inverter topology 
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Figure 14.8 Switching states when v, =0 


two-level inverter up to the “2-level’” line, the three-level inverter will be there from the “3-level’” line, 
and an N-level inverter is constructed up to the “N-level” line. All of them are built by using the “basic 
cell” and it looks like a horizontal pyramid of basic cells. 

The operating principle can be explained by the five-level circuit shown in Figure 14.7. The outer 
switches (in the dashed-line block) are the main power switches to generate the desired voltage wave- 
forms. The inner switches (outside the dashed-line block) are used to balance the capacitor voltages. This 
topology provides the self-balanced voltage with each component voltage stress of Vpc/4. Figure 14.8 
shows the generation of zero voltage, Figures 14.9 and 14.10 present two ways to generate V,,./4, where 
the circled devices in both solid and dashed lines are turned on and the uncircled devices are turned off. 
Furthermore, the solid-line circled devices are the on-state main power switches to produce the desired 
voltage level, and the dashed-line circled devices make the capacitor voltages balanced. As shown in 
Figure 14.8, the zero voltage is produced by the on-state switches S,,—S,,, and the capacitors C}, C}, 
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Figure 14.10 Alternative switching states for v, = Vpc/4 


C, and C,, are in parallel to balance their voltages through the on-state switches S., S, and S,,,, that 
is, Voy = Vez = Ves = Veyo- Similarly, Vos = Ves = Veg because of the on-state switches S, and Sg and 
the on-state switch S., ensures the balanced voltages of the capacitors C, and Cg, that is, Voy = Vcs- 
Figure 14.9 shows how to generate v, = Vpc/4 and ensure that Vo; = Vez = Ves = Veio: Voo = Vos = Vico 
and Vo4 = Vcg. Other alternative switching states are shown in Table 14.1 to produce v, = Vpc/4 and 
one of these is shown in Figure 14.10, where Vos = Veg = Voros Voy = Veo = Ves = Veg and Vay = Veg- 
Table 14.1 lists the switching states necessary to produce Vpc/2, 3Vpc/4 and Vpc, where the states of 
switches S,,—S,, are independent and can represent fully the states of the entire circuit, and the states of 
the other switches are deduced by using complementary switching of adjacent switches. 

For the reactive power and harmonic compensations, there is no need for separate DC power sources to 


feed the CMI and the diode clamped and capacitor clamped multilevel inverters, and the proper control 
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Table 14.1 Switching states to produce five voltage levels [10] 


Output voltage Capacitor” path Switch states” 
Sp1 Spo Sos Spa 

0 Voc none 0 0 0 0 
Voc/4 +C; 1 0 0 0 
-C +C, +G 0 i o K 

—C3-C, + C4 +C; + C6 0 0 1 0 

-C6—C5-C4 + C7 + Cg + Cy + Cig 0 0 0 1 

Vpc/2 +C, +C, 1 1 0 0 
-C +C,+C5+C, 0 1 1 0 

—C3-C, +C, + Cg + Co + Cig 0 0 1 1 

+€,-C,-C, + Cy + C5 +C¢ 1 0 1 0 

+C, -—Cy—C5—-Cg + C7 + Cg +Cy + Cy 1 0 0 1 

Cy +C, + C3—-C6—C5—C4 + C7 + Cg + Cy + Cio 0 1 0 1 

3Vpc/4 +C4 +C; +C6 1 1 1 b 
=C; +O, + Cg +Cy 0 1 1 1 

+C, + C,-Cy-C5-C, + C} + Cg + Cy + Cy 1 1 0 1 

+C,-C,-C, +C, +C; + Cy + Cyq 1 0 1 1 

Vee +C7 + Cg +Cy +Cio 1 i l j 


“The capacitors are used to produce the desired output voltage level. 
“+” denotes the capacitor connected positively to the output; “—” denotes the capacitor connected negatively. 
**«]” denotes the on-state and “0” for the off-state. 


can maintain the capacitor voltages, even if the voltage level number N > 3. These three multilevel con- 
verters have to employ isolated DC power sources or the complicated voltage balancing circuit when 
applied to motor drives or other related areas of real power transfer. However, the generalized multi- 
level inverter can achieve the self-balancing of each voltage level for both real power and reactive power 
conversions. Moreover, the diode clamped and capacitor clamped multilevel, CMIs and even traditional 
two-level inverters can be derived from this generalized topology. Figure 14.11 shows the traditional 
diode clamped multilevel inverter, deduced from Figure 14.6 by eliminating the clamping switches and 


Voc 


Figure 14.11 Deduced diode clamped five-level inverter 
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Figure 14.12 Deduced capacitor clamped five-level inverter 


Figure 14.13 Deduced CMI through using only center part’s cells (thick line) 


capacitors, and swapping the diode clamped path. Figure 14.12 shows the capacitor clamped (or flying 
capacitor) multilevel inverter through eliminating the clamping switches and diodes of Figure 14.6. 
Figure 14.13 shows the CMI derived from Figure 14.6. 


14.2.3.2 Derivations to Other Multilevel Topologies 


New multilevel inverters are easily derived from the generalized multilevel inverter topology. For 
example, the diode and capacitor clamped multilevel inverter is obtained in Figure 14.14 when all 
clamping switches are eliminated from Figure 14.6. A new diode clamped multilevel inverter is shown 
in Figure 14.15 when the clamping switches and capacitors are eliminated from Figure 14.6. This figure 
presents the deduced zigzag multilevel [11] (Figure 14.16). The deduced M?C is shown in Figure 14.17, 
and in practical use, two inductors should be connected in series to the upper and lower arms for 
protection. 
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Figure 14.15 A new diode clamped five-level inverter 


The M?C was proposed in 2001, and currently is an attractive topology in application to medium- and 
high-voltage areas [12-14]. As shown in Figure 14.17, each module is a controlled voltage source. The 
terminal voltage V,; or V,; (i= 1, 2) can be either 0 V or Vc, regardless of the sign of the current i 
assuming all modules have the same capacitor voltage Vo. The voltage Vp. and Va. can be adjusted 
by controlling the modules of the upper and lower arms, but they have to meet the requirements of the 


following equation: 


a,i? 


Voc + l2Vac| <2 X2 X Vo (14.1) 
If Vpc is constant and Vpe = 2V,, the output voltage is limited to 


[Vacl $ 2X Ve (14.2) 
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Figure 14.17 MC (thick line) 


Figures 14.18 and 14.19 show the deduced Marx multilevel converter and the stacked multicell con- 
verter [15]. Figures 14.20—14.22 are the three deduced active NPC converters [15]. 


14.3 Cascaded Multilevel Inverters and Their Applications 
14.3.1 Merits of Cascaded Multilevel Inverters Applied to Utility Level 


With the growth of long-distance AC power transmission and load, the reactive power should be con- 
trolled to stabilize the power systems. For this purpose, the conventional 48-pulse inverter employs eight 
6-pulse inverters and eight zigzag arrangement transformers for the SVG to reach high voltage. The 
transformers are expensive, lossy, bulky and present control difficulties owing to saturation, DC offset, 
and voltage surge. 

The multilevel inverters can reach high voltage without the transformers of conventional SVG, but the 
diode clamped multilevel inverter requires (N — 1) x (N — 2) x 3 additional clamping diodes to provide an 
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Figure 14.19 Stacked multicell converters 


N-level voltage, and the capacitor clamped multilevel inverters require (N — 1) x (N— 2) x 3/2+(N- 1) 
capacitors. Moreover, the flying capacitor inverter’s control is very complicated with high switching 
frequency to balance each capacitor voltage. 

The CMI overcomes the above problems well [16, 17]. It needs the smallest component count with 
(N— 1) x 3/2 capacitors and 2(N — 1) x 3 switches to perform the N-level three-phase voltages. 


14.3.2 Y-Connected Cascaded Multilevel Inverter and Its Applications 
14,3.2.1 Y-Connected Cascaded Multilevel Inverter for Static var Generator 


Figure 14.23 shows an example of the Y-connection structure of a three-phase 11-level CMI, which 
uses the switches to synthesize voltage waveforms instead of zigzag transformers [16—18]. Each phase 
consists of five cascaded H-bridge power modules, and an 11-level output voltage u,,,, is produced in 
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Figure 14.24, where Vox (i= 1, 2, ..., 5) denotes the module-i output voltage of phase a. The minimum 


harmonics can be achieved through designing the switching phase angles of each module. 


14.3.2.2 Y-Connected Hybrid Cascaded Multilevel Inverter for Medium-Voltage Motor Drive 


With additional isolated power sources, the CMI can be applied to control real power such as in appli- 
cations to ASDs [4, 19] and PV power systems [20]. In fact, the CMI is the best-selling product in the 
medium-voltage ASDs market, even though it requires many transformer windings. 

For medium-/high-voltage and high-power applications, the diode clamped or capacitor clamped mul- 
tilevel leg can replace the conventional two-level leg in the H-bridge module of the CMI to reduce the 
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Figure 14.23 Three-phase Y-connection 11-level CMI 
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Figure 14.24 Multilevel output voltage 


number of separate DC sources. Figure 14.25a shows an example, where the cascaded NPC-multilevel 
inverter feeds a three-phase induction motor [21]. Each phase consists of four NPC-based H-bridge mod- 
ules connected in cascade, and each module can output five-level voltage with the configuration as in 
Figure 14.25b. Consequently, the 17-level phase-to-neutral voltage or 33-level line-to-line voltage will 
be produced, even though there are four modules per phase in Figure 14.25a. Four isolated DC sources 
per phase or 12 DC sources for the entire CMI are sufficient. However, for the traditional CMI, eight 
H-bridge modules and eight separate DC sources are necessary per phase, giving 24 DC sources for a 
three-phase CMI. 
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Figure 14.25 (a) Cascaded NPC-multilevel inverter-based induction motor drive and (b) NPC-based H-bridge 
module 


wn 


Multilevel Converter/Inverter Topologies and Applications 437 


14.3.2.3 Y-Connected Cascaded Multilevel Inverter for PV Power Generation 


The CMI is most suited for application to PV power generation for a number of reasons: 


1. The CMI requires separate DC voltage sources when applied to real power control and the separate 
PV panels suit this requirement. 

2. The CMI can reach high voltage by using low-voltage devices, and therefore, the transformerless 
solution is possible. 

3. A distributed maximum power point tracking (MPPT) can be achieved to maximize the solar power 
utilization, which can avoid/mitigate the power loss at mismatching conditions of series-connected PV 
panels. 

4. It presents modularity, a simple layout, fewer components, and higher reliability when compared with 
that of the diode clamped and capacitor clamped multilevel inverters. 


Figure 14.26 shows an example of a Y-connected CMI-based PV power system connected to the 
4160 V grid, which requires a cascaded DC-link voltage larger than 3397 V [22]. Assuming that the 
PV panel’s voltage changes in the range of 1—2, the minimum cascaded PV voltage could be 3397 V 
and the maximum voltage could be 6794 V. For the conventional CMI, the cascaded DC-link voltage 
is the same as the cascaded PV voltage. If we design each module’s maximum DC-link voltage with 
800 V, its minimum operating voltage will be 400 V and the nine modules are necessary to fulfill the 
CMI connected directly to the grid. 

However, this kind of CMI does not have a boost function, which will lead to overrating the inverter 
by a factor of 2 in order to cope with wide PV panel’s voltage changes. Furthermore, the partial shading 
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Figure 14.26 Traditional CMI for PV power system 
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Filter 


Figure 14.27 Quasi-Z-source CMI-based PV power generation system 


might cause some modules’ PV panels to have different maximum power points (MPP) from other PV 
panels, and the problem of unbalanced DC-link voltage will happen. 

The quasi-Z-source inverter topology provides a suitable solution to boost the PV panel’s low-voltage 
level to a high-voltage level, simultaneously achieving voltage inversion in a single-stage conversion [23, 
24]. Figure 14.27 depicts a quasi-Z-source CMI topology, where each PV panel connects to the H-bridge 
through a quasi-Z-source network [22, 25, 26]. Each quasi-Z-source inverter module can achieve a con- 
stant DC-link peak voltage control regardless of the PV panel’s voltage variation. This feature will ensure 
the constant DC-link peak voltage of each module. For the above case, we can design the DC-link peak 
voltage with 800 V, X modules in cascade, and the maximum modulation index M when the PV panel 
voltage is at its minimum value 400 V; thus, we obtain 
41602 

3 


800-X-M= = 3397 V (14.3) 


The 400 V PV panel voltage can be boosted to 800 V when D=0.25, and the maximum modulation 
index M = 0.75, then X = 5.66 if we solve Equation 14.3. Six quasi-Z-source H-bridge modules are chosen 
in the newly designed CMI. It is obvious that the quasi-Z-source CMI saves one-third power modules 
when compared with that of the traditional CMI as shown in Figure 14.26. 


14.3.3 A-Connected Cascaded Multilevel Inverter and Its Applications 
14.3.3.1 Unbalanced Load (Negative-Sequence) Problem of Y-Connection CMI 


As shown in Figure 14.28a, the Y-connected CMI connected to the grid through the inductors is con- 
trolled to output the voltages uc,, Ucp and uç, in phase with the grid voltages Us, Ug, and tge, respec- 
tively. It should have no real power exchange between the CMI and the grid. The phase voltage and the 
grid-injected current have to be 90° out of phase, and the CMI behaves like a var generator. 

However, the power system might have an unbalanced load. For this situation, the Y-connected CMI 
cannot compensate the unbalanced load to ensure the grid system with the balanced currents, even though 
it still can provide the reactive power compensation [27]. As shown in Figure 14.28a and b, the phase-c 
current i, , is zero owing to the open circuits between phase c and the other two phases a and b. If we want 
to get the balanced grid currents isa» ig, and ig, as shown in Figure 14.28c, the three-phase Y-connected 
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Figure 14.28 Imbalanced load problem of Y-connected STATCOM. (a) Whole system, (b) imbalanced load currents, 
(c) desired grid currents and (d) required STATCOM currents 


CMI has to provide the currents shown in Figure 14.28d, which shows that there is real power exchange 
between the CMI and the grid. As a result, the CMI’s DC capacitors will be overcharged/overdischarged. 
Therefore, the three-phase Y-connected CMI cannot compensate the unbalanced load. 


14.3.3.2 A-Connected Cascaded Multilevel Inverter for STATCOM 


Figure 14.29a shows the A-connected CMI-based STATCOM [27]. Each phase leg consists of the 
H-bridge modules and inductor in cascade. The three phase legs are connected in the A-shape. The 
line-to-line voltage presents the phase leg voltage waveform, as shown in Figure 14.29b. 

The A-connected CMI-based STATCOM can compensate the unbalanced load, reactive power, and 
harmonics. The reactive power and harmonics compensations are the same as the Y-connected CMI. 
The compensation principle of unbalanced load currents can be explained in Figure 14.30. The balanced 
three-phase voltage source supplies the three-phase load in Figure 14.30a, and the load admittances are 


It is well known that the reactive power and system imbalance can be compensated by one A-connected 
reactive network. As shown in Figure 14.30b, the A-connected CMI-based STATCOM provides the pure 
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Figure 14.29 (a) A-connected CMI-based STATCOM and (b) single-phase voltage waveform 


Figure 14.30 Compensation principle of the system with imbalanced load. (a) Imbalanced load, (b) compensation 
method and (c) after compensation 


reactive compensation using 


a = JBy, =F | -Ba + ——— 
V3 
d r ( a = GL) 
Ypo = JB =J |- + 1M (14.6) 
V3 


(14.7) 
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Figure 14.31 A-connected CMI-based STATCOM with imbalanced load 


The resultant equivalent Y-connected system will be fully resistive and balanced in Figure 14.30c 
and the equivalent phase admittance meets G = G' p + G',, + G' oa [27]. As a result, the compensation 
makes the system balanced. Figure 14.31 shows a case with an imbalanced load. The compensator can 
provide the currents shown in Figure 14.28d to create the system with the balanced currents shown in 
Figure 14.28c. 


14.3.44 Face-to-Face-Connected Cascaded Multilevel Inverter for Unified 
Power Flow Control 


14.3.4.1 Conventional UPFC Principle, Structure and Disadvantages 


The conventional unified power flow control (UPFC) employs the back-to-back inverter topology, as 
shown in Figure 14.32, where inverter 1 is connected in parallel to the transmission line, and inverter 2 
is connected in series to the transmission line. The two inverters have a common DC-link bus, and each 
inverter has a coupling transformer with the line. Because of the shared DC-link bus, both inverters can 
achieve real power exchange with each other. The injected series voltage of inverter 2 to the transmission 
line can have any phase angle difference from the line current, which provides the UPFC with flexible 
controllability to manage both real and reactive power flows through the line. Inverter 1 can provide or 
absorb the real power of inverter 2 and it can supply or absorb the reactive power for the transmission 
line. As a result, UPFC is the most versatile FACTS device. It can balance effectively the load of all the 
lines and allow the overall system to operate at its theoretical maximum capacity. 

As shown in Figure 14.32, the voltage Vo makes the sending end voltage of the system become Voy 
from the original voltage V.,, and the angle between both voltages of sending and receiving ends changes 
from 6, to dy. As a result, the transmitted real and reactive powers from the sending end to the receiving 
end also change from 


_ Vso Vp Sin ôb 7 (Vp COS by — Vso) Vso 


X nd Q = = (14.8) 
to ; 
p= Von aan Ôn nd g=- (Vp COS x sn) Vow (14.9) 


The conventional UPFC has been put into practical applications with the following features: (i) both 
inverters have a common DC-link bus; (ii) there is real power exchange between both inverters and 
the transmission line; (iii) each inverter uses a transformer coupling to the transmission line. In 
addition, any utility-scale UPFC requires two high-voltage high-power (from several MVA to hundreds 
of MVA) inverters. Traditionally, these high-voltage high-power inverters have to use bulky and 
complicated zigzag transformers to reach their required VA and voltage ratings. Moreover, the zigzag 
transformer-based UPFCs are still too slow in dynamic response (up to minutes owing to the large time 
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Figure 14.32 Conventional UPFC 


constant of magnetizing inductance over resistance) and pose control challenges because of transformer 
saturation, magnetizing current, and voltage surge. 


14.3.4.2 Face-to-Face-Connected Cascaded Multilevel Inverter for UPFC 


There are several reasons why the CMI cannot be used directly with the conventional UPFC structure: 


1. The CMI does not have a common DC-link bus, but the traditional UPFC requires a shared DC-link 
bus for two inverters. 

2. The CMI does not allow real power flow from the AC side to the DC side, nor from the DC side to the 
AC side, because there are no sources for the CMI’s modules. 


The conventional UPFC structure is changed to fit the CMI. Figure 14.33 shows the face-to-face- 
connected CMI with the following features [28]: 


1. Each module has only the DC capacitor for the reactive power, rather than any other sources. 

2. Two CMIs do not have real power exchange with each other, nor any real power exchange with the 
transmission line. 

3. Two CMIs are connected face-to-face on the AC side, rather than back-to-back on the DC-link bus. 


In Figure 14.33, inverter 2 supplies the desired voltage Vo in the transmission line to control the 
transmitted real and reactive power flows over the line. Inverter 1 is connected in parallel to the 
transmission line and the injected current (J,.—J) has to be perpendicular to its own voltage Vsy—Vo. 
The current J. of inverter 2 also has to present a difference of 90° angle from its own voltage Vo. This 
guarantees that there is no real power flowing into either CMI. For this new UPFC, inverter 1 no longer 
provides or absorbs the real power for inverter 2. Figures 14.34 and 14.35 show the equivalent circuit 
and phasor diagrams, respectively. 
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Figure 14.33 Face-to-face connected CMI for UPFC 
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Figure 14.34 Equivalent circuit 


Figure 14.35 Phasor diagram 


From Figures 14.34 and 14.35, inverter 1 and inverter 2 have the following respective real power 
equations: 


Pi = (Vso — Vo): Ue = D = -Vol cos p + Veo le cos(90° — 8) + Vol cos(ô + p) = 0 (14.10) 
P,=Ve:l. =90 (14.11) 
Solving the above two equations, one has the current J, as 


ls Vsol cos p — VI cos(ô + p) Z8- 90°) (14.12) 
= Veo sind 
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The transmitted real power P and reactive power —jQ can be expressed as 


. Vso + Vo — Vr : VsoVr _. VcVr 
P-jo= vp (Steh =y ia t X sin(d, + ô) 
f VsoVp cos ôo — V2 VoVp 
(=H + =y 09s (6) +ô) (14.13) 
The original transmitted real and reactive powers (i.e., without UPFC) are 
Veo V, Vso Vg cos 5y — V2 
P= a Reinig Oyan R E EER a 2s (14.14) 


The net differences between the original (without UPFC) powers and the new (with UPFC) powers are 
the controllable real and reactive powers from the UPFC and can be expressed as 


poe TOR cg ô ree: 5, +6 14.15 
c=- sin(6y + ), Qc = — = c0s(Sy + ô) (14.15) 


Because the amplitude Vo and phase angle ô of the injected voltage phasor Vo can be of any values as 
commanded, the new UPFC provides a full controllable range of — Vo Vg/X to +V.Vp/X for both real and 
reactive powers, Po and Qc, which are advantageously independent of the original sending end voltage 
and phase angle 6). Therefore, the theory proves that the new UPFC has the same functionality as the 
conventional UPFC. 

The face-to-face configuration provides a way for achieving UPFC with the CMI. The advantages 
of the CMI provide the new features to the UPFC. For example, the CMI-based UPFC can reach any 
high-voltage level (from 15 kV to 35 kV, 69 kV and so on) by increasing the number of H-bridges without 
using complex step-up transformers. Each H-bridge can be modularized to achieve further low cost. Each 
phase leg consisting of n H-bridge modules can have (n + 1) redundancy to improve reliability. Any faulty 
module can be bypassed to ensure the fail-safe operation of the entire system. 


14.4 Emerging Applications and Discussions 


14.4.1 Magnetic-less DC/DC Conversion 


The DC/DC conversion is widely applied to PV power systems, hybrid electrical vehicles (HEVs), 
thermoelectric generators (TEGs), aerospace areas, and so on, and the ambient temperatures in these areas 
can be quite high. Conventional DC/DC converters employ an inductor and/or transformer, as shown in 
Figure 14.36. Consequently, the magnetic cores of the inductors and transformers present a bottleneck 
for high-temperature environments, because the permeability declines dramatically with increasing tem- 
perature. Thus, they are prone to saturation and instability as the temperature goes beyond a certain limit, 
which leads to the nonlinear relation of outputs to inputs, making effective control very difficult. Further- 
more, inductors and/or transformers, as some of the hottest components in the system, are bulky, lossy, 
and are an obstacle to applying power converters in high temperatures and to reducing their size and cost. 


tr —4 C Vout Vi 7 | C Vout 
Va T K$ = K$ J a a 


(a) (b) 


Figure 14.36 Conventional DC/DC converter. (a) Non-isolated type and (b) isolated type 
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Figure 14.37 Four-level magnetic-less DC/DC converter 
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Figure 14.38 Converter’s gating sequence 


Figure 14.39 Converter’s state I 


Magnetic-less DC/DC converters are good candidates to overcome the above problems. Figure 14.37 
shows an example derived from the generalized multilevel converter in Figure 14.6 [29]. The sam- 
ple converter presents four-level and bidirectional power conversion and has no magnetic components. 
Figure 14.38 shows the gating sequence necessary to control the converter, where a fixed duty ratio of 1 :3 
is employed. The top switches S,,, Sap, and S,p are independent and their states can describe the states 
of the entire converter. The states of other switches are derived by using the complementary switching of 
two adjacent switches. From the states I, II, and III of Figure 14.38, there are three respective switching 
states, as shown in Figures 14.39-14.41. 

For the converter’s state I in Figure 14.39, the capacitors C}, C} and C have the same volt- 
age as the voltage between terminals L and G, that is, Vie = Vc = Vcs = Vece» and the capacitors 
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Figure 14.41 Converter’s state IM 


C, and C, have the same voltage, that is, Vc) = Vcs. For the converter’s state II in Figure 14.40, 
Vie = Vez = Vee and Vo =Vce2=Vcs. For the converter’s state IM in Figure 14.41, Vo= Vce 
Vo, = Vo3 = Vos and Voz = Vc4. After the three states of one control cycle, all the capacitor voltages 
are balanced, that is, Vig = Veci = Vez = Vez = Vou = Vos = Veg. The voltage between terminals H and 
G is Vig = Veca + Ves + Vcs and 3V, G = Vyg- This four-level converter presents a voltage multiplier or 
divider with a factor of 3 or 1/3, respectively [29]. 

The circuit of Figure 14.37 can be simplified as the flying capacitor converter in Figure 14.42 [30]. The 
top switches S,,, Spp, and S,, can be used to describe the converter’s states, because the bottom switches 
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Figure 14.42 Flying capacitor DC/DC converter and gating sequence 
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Figure 14.43 Converter’s state I 
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Figure 14.44 Converter’s state II 


have complementary states to the top switches if they are labeled with the same number, for example, 
switches S,, and S,, have the same number “1.” From states I, H, and II of Figure 14.42, there are three 
respective converter’s states, as shown in Figures 14.43-14.45. 

In Figure 14.43, V.g=Vo,=Voy. In Figure 14.44, Vo, =Vc; +Vo Similarly, in Figure 14.45, 
Vuc = Vey + Voz- After one control cycle, the voltages of capacitors C,, C,, and C, meet Vo; = Ve and 
Vo3 =2V,. There is a fixed voltage ratio of 3 between V,,, and Vio» that is, Vyg=3V,, with a fixed 
duty ratio of 1 : 3 to control the bidirectional converter. 

In addition, Figure 14.42 can be controlled to achieve Vag =V,, and Vyg =2V;,. In total, there are 
three voltage relationships: Vig = Vig. Vig =2V,g, and Vye = 3V,g, the so-called LX, 2X, and 3X con- 
verters [31], respectively. Figure 14.46 shows the 1X converter’s switching state, where the switches S,,, 
Sap; Sap» Son» and S,y are always on. As a result, all the capacitors connected in parallel have the same 
voltage and Vg = Vig. Figures 14.47 and 14.48 show the 2X converter’s switching states, where the 
switches S,, and S3y are in the on-state and the capacitors C, and C,, connected in parallel, have the 
same voltage, that is, Vig = Vc4 = Voz- The converter’s two states I and II alternate each for 50% duty 
ratio. As shown in Figure 14.47, switching state I of the 2X converter makes the switches Sp and S,, turn 
on and the capacitors C, and C,, connected in parallel, have the same voltage, that is, Vig = Vo, = Vez- 
For switching state II of the 2X converter, as shown in Figure 14.48, two switches Sy and Sp are turned 
on, and both of the capacitors C} and C, are connected in parallel to the series of capacitors C} and C,, 
so that there is the voltage relationship of Vye = Voy = Vea = Voy + Ven =2Vc1- 
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Figure 14.45 Converter’s state IM 
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Figure 14.47 State I for 2X mode 
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Figure 14.48 State II for 2X mode 


In steady state, for separate 1X, 2X and 3X converters, all the capacitor voltages are well balanced. 
However, if we want to make the converter have a transition between 1X and 2X, or between 2X and 
3X, the high transient current could flow through the devices and capacitors, owing to existing very large 
transient voltage differences. A PWM with gradually variable duty ratio and high switching frequency 
can limit this transient current. In addition, a small/stray inductance is required between capacitor C, and 
the switch leg [31]. 

In the 1X to 2X transient operation, the PWM duty ratio D will gradually decrease from 1 to 1/2 in 
order to limit the inrush current, and D= 1 for the 1X mode and D = 1/2 for the 2X mode. The same 
principle is applied to the transition from 2X to 3X, and the corresponding duty ratio D will gradually 
decrease from 1/2 to 1/3, and D= 1/3 for the 3X mode [31]. 


14.4.2 Multilevel Modular Capacitor Clamped DC/DC Converter 
(MMCCC) 


The flying capacitor converter shown in Figure 14.42 has a smaller component count and lower volt- 
age stress across the switching devices when compared with that of the generalized multilevel converter. 
However, the larger the required boost, the greater the losses incurred from the increased number of 
devices in the charge pump paths, because the input current always flows through n switching devices 
for the flying capacitor converter. The dominant voltage drop and power loss are inevitable. The con- 
trol also becomes more complex with a higher boost ratio. Moreover, the flying capacitor structure is 
not modular, meaning that a fundamental, fully functioning unit of the circuit cannot be made. These 
issues offer the greatest argument against the use of the flying capacitor topology in situations involving 
high-voltage gain. 

The MMCCC represents an attempt to surpass the flying capacitor converter’s performance [32]. 
Figure 14.49 shows an example of the MMCCC, and it is a four-level converter with an output equal 
to four times the input. Figure 14.50 shows the modular block, which is used as the basic cell to extend 
the voltage boost ratio. 

Figure 14.51 shows the gating sequence for Figure 14.49, and there are two switching states in one 
control cycle, as shown in Figure 14.52. For state I, Vo4 = Ves + Vin and Vo = Ve; + Vin; for state II, 
Vo, = Vin and Ves = Vez + Vin- Then, after one cycle, Vo. =2V,,,, Vo, = 3Vin and Vog =4V,,. Figure 14.53 
redraws the MMCCC in the form of a flying capacitor circuit. 

The MMCCC is expected to have high efficiency because (i) there are at most three switches used for 
charging a capacitor, even for achieving high voltage ratio; (ii) there are around 2/n times of currents 
flowing through the switches and capacitors when compared to that of the flying capacitor converter, 
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Figure 14.49 Four-level MMCCC with three modules 
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Figure 14.52 Two states of four-level MMCCC. (a) Switching state I and (b) switching state II 
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Figure 14.53 MMCCC in flying capacitor form 


and total device power rating (TDPR) reduces. In addition, the control is very simple and the design is 
modular. However, the MMCCCs need the (3n—2) switches and the voltage stresses of (n—2) switches 
are twice the input voltage, whereas the flying capacitor converter just needs 2n switches and the voltage 
stress of each switch is equal to the input voltage. 


14.4.3. nX DC/DC Converter 


The nX DC/DC converter combines the modular structure and simple control of the MMCCC with the 
low switch count of the flying capacitor converter [33]. Figure 14.54 shows the 6X DC/DC converter. 
The power conversion is bidirectional in the respective buck and boost operations. The boost mode is 
used to clarify the converter’s operating principle. Figure 14.55 redraws the 6X DC/DC converter in a 
modular structure, and the basic cell with 2X boost factor is shown in Figure 14.56. The 6X DC/DC 
converter is fulfilled through cascading three cells. The two switching states simplify the control required 


Figure 14.54 6X DC/DC converter 
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Figure 14.57 Gating sequence 


to drive the converter. As shown in Figure 14.57, a complementary 50% duty cycle controls all of the 

semiconductors involved. Figure 14.58 shows the switching states of the 6X DC/DC converter, in which 

the circled switches are on. From Figure 14.58a, Vom = Voi, + Vine Vora = Vin and Veza = Veza + Vins 

from Figure 14.58b, Voz, = Vcia + Vins Vcip = Vin and Vez = Vc» + Vin. Finally, Voy, = Vew = Vine 

Veza = Veo = 2Vins Veza = Vea = 3 Vin and Vou = 6Vin- 

The nX converter’s other unique features include the following: 

1. There are two paths directly charging the load, which contributes to lower power loss during the 
energy transfer. 

2. The maximum capacitor voltage is equal to nx V,,/2. 

3. Two output capacitors require lower capacitance because their interleaved complementary 
charge—discharge leads to low output voltage ripples, and they also have lower ripple currents 


because of their alternately receiving charge and continuously supplying the load. 
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Figure 14.58 The nX converter’s states. (a) Switching state I and (b) switching state II 


4. The nX converter needs 2n switches, but the MMCCC requires 3n—2 switches. Therefore, the nX 
converter will have higher efficiency, more compact packaging, and lighter weight in implementing 
a high-voltage boost converter when compared with that of the MMCCC and the flying capacitor 
converter. 


14.4.44 Component Cost Comparison of Flying Capacitor DC/DC 
Converter, MMCCC and nX DC/DC Converter 


The flying capacitor converter, the MMCCC, and the nX DC/DC converter have only capacitors and 
switches. The capacitor cost is dependent on the capacitor voltage stress, current rating, and capacitance 
requirement. The switch cost is related to the silicon area used. The TDPR provides a qualified indication 
of the total silicon area needed in a converter/inverter. 


14.4.4.1 Total Device Power Rating 


The TDPR of a converter/inverter is defined as 


N 


TDPR = DV ce (14.16) 


m=1 


where N is the number of switches, /,,_y is the average current going through the mth switch and V, is 


>“ m—. m 


the peak voltage on the mth switch. 
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1. For an nX flying capacitor DC/DC converter, which is extended from the aforementioned 3X converter 
example in Figure 14.42, there are the 2n switches, and the maximum voltages and average currents 
of all the switches are equal to the input voltage and input current, respectively. Its TDPR will be 


TDPR = 2n- V, +I, = 2n- P, 


in 


(14.17) 


where V, is the input voltage and Z, is the input current [33]. 


2. For the MMCCC shown in Figure 14.49, it is clear that output capacitor C,, on average, supplies 
Ty» the load current, and that its charging current is /,,,, giving an average current of zero through 
the capacitor over the entire period. The current flowing through S}, must be 2/,,, while it is on, 
because the duty ratio is 50%. The other switches also have the average current of 2/,,,, in one of 

the two switching states, because the charge is pumped from one capacitor to the next capacitor 

while the MMCCC is working and the charging current of one capacitor is the discharging current 
of the preceding capacitor. From Figure 14.52, S,, and S,, have to block the voltage 2V,,, the other 
switches only need to block the voltage of V,,,. Generalizing these results to the nX topology, it is 
clear that the n—2 switches must block twice the input voltage, while the remaining 2n switches 
need only block V,,,. With all of this information clarified, the TDPR can now be calculated by Qian 
et al. [33]: 


8n 


TDPR = 2n- V,, 21 +(n—2)-2V,,-21,, = = 8p n=2,3,4, ... (14.18) 
n 


out in? 


3. For the nX DC/DC converter shown in Figure 14.54, the capacitors C,, and C,,, on average, supply 
Tu load current. S}, and S}, have 2/,,, current flowing through then because the duty ratio is 50%. 
Switches S,,, Sin» Sap and S,, have to transfer both currents of two charging paths, and thus, 4/,,, 
current has to flow through them. The other switches carry 2/,,, current. Switches S,,, S,,, Sa, and 

S,, have to block the voltage 2V,,, the other switches only need to block the voltage of V,,. In general, 

the (n—2) switches of complementary phase legs have to carry 4/,,, current, even though the remaining 

switches only carry 2/,,, current. The (n—2) switches have to block the voltage of 2V,,, and the other 


switches just block the voltage of V;,,. According to above analysis, we have [33] 


TDPR = (n — 2)- Vp - 47 


out 
8n-— 8 
= P in? 
n 


+(2+2)-V,, +20, + (2-2) + 2V,, «Woy 


ut 


n= 2,4,6, ... (14.19) 


From Equations 14.18 and 14.19, the TDPRs of the nX converter and the MMCCC will approach 8P,,, 
as the voltage gain n approaches infinity, but the flying capacitor converter’s TDPR presents a continuous 
increase. It indicates that the nX converter and the MMCCC need less silicon area than the flying capacitor 
converter, and thus, they are more cost-effective in achieving high-voltage gain. 


14.4.4.2 Capacitor Voltage, Current and Capacitance of Three Converters 


The total capacitor voltage rating, the average charging—discharging current, and the capacitance require- 
ment are listed in Table 14.2 for the comparison of the nX converter, the flying capacitor converter, and 
the MMCCC [33]. It shows that the flying capacitor converter and the MMCCC have the same total 
capacitor voltage rating to achieve the same voltage gain n if the input voltage is the same, but that the 
nX converter needs nearly half of that. The average charging—discharging currents of the output capaci- 
tor in the nX converter and the MMCCC are 1/(n-1) times that of the flying capacitor converter, and the 
other capacitors present 2/n times the charging—discharging currents when compared with that of the 
flying capacitor converter. In addition, for the nX converter and the MMCCC, the output capacitors have 
lower ripple current and lower capacitance requirement than the flying capacitor converter. 
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Table 14.2 Comparison of total capacitor voltage rating, average current, and capacitance 


Total capacitor Average charging—discharging Capacitance requirement 
voltage rating current 
Tout j= 1.2 n 
1 ‘Tour Sy De cteacy “AV,” _— 
Fiying ( t n)n Va I, _ {" out 7 n C, — as — 4) I 
capacitor alae j=n+l ——,, j=n+!1 
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1 Law j=1,2 1 a L 
mcs SEY ps4 w JELA sn gal 
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nX = o ae in ILa = Ip = I 1 in Ca = Cp = I /2 n 
Converter (n=2,4,6,...) or J55 TAV, = z 


14.4.5 Zero Current Switching: MMCCC 


ZCS can reduce effectively the switching loss of switches, and this is also true for the MMCCC, the nX 
DC/DC converter, the flying capacitor converter, and the generalized multilevel DC/DC converter. We 
can use the parasitic inductance to achieve the ZCS of these converters; this will ensure magnetic-less 
converter features. In addition, in theory, ZCS reduces the transient spikes of the converters and mitigates 
the electromagnetic noise. The MMCCC’s ZCS is used to demonstrate the basic principle. 

When the connection wire parasitic inductance Lw, capacitor parasitic inductance Lgs; and the IGBT 
package parasitic inductance L,, are taken into account, the MMCCC has the modular block shown in 
Figure 14.59 [34]. Figure 14.60 shows its simplified circuit in order to demonstrate the ZCS principle, 
where L, is the sum of Ley, Les, and Le, because of these stray inductances in series when the current is 
flowing through. The required inductance for resonance is very small (nH-level) to achieve the ZCS. All 
modules should have equally distributed stray inductances; therefore, the modular design is important. 
A small air coil could be added in the connection wire if the stray inductance is not large enough. 


Lsp 


= p 
Vias aT FA 1 ameo V, 
V o~ Lest 3 
Lsw3 ib. Sp Lsp TCE 
ID a Ti 


Figure 14.59 MMCCC’s modular block with all the stray inductances 
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Figure 14.61 Two states of ZCS-MMCCC. (a) State I and (b) state II 


Using three cells of Figure 14.60, we can build the four-level MMCCC and the two switching states I 
and II, as shown in Figure 14.61a and b, respectively. For the sake of simplification, we assume that the 
circuit uses: (i) ideal switches, (ii) ideal input voltage source and (iii) ideal capacitor, that is, no equivalent 
series resistance. The circuit’s capacitances and stray inductances are designed to meet C, = C, =C, = C, 
and Lesz = Lg, = Lg, = 2L,,, which guarantees the same resonant frequency. Figure 14.61a presents two 
resonant loops, and each of these is shown in Figure 14.62a and b [34]. The circuit shown in Figure 14.62a 
has the state equations as 


di, ., 
Va = Ls, d + Voi (14.20) 
. dvc 
ligi Sai (14.21) 
The solutions are 
. TP . 
in, O = TV. sin œ,t (14.22) 
=V mo t (14.23) 
) = V, — ———-cos ; 
Voi in 4V C0, @, 


where V,, is the input voltage, L., is the stray inductance, œ, is the resonant frequency equal to 1/4/L.,C, 
and P, is the output power. 


Multilevel Converter/Inverter Topologies and Applications 


457 


>_ 
Lsı Sta Les S3a 
Nos : SL 
7> 2|+ + 
lizi T -7RC, L533 7n Yc 7 C3 
+y vci V. C3 


(b) 


Figure 14.62 Two resonant loops of state I. (a) Loop I and (b) loop II 


The circuit shown in Figure 14.62b has the state equations as 


L 
Vin = Lss ap + Voz — Veg (14.24) 
dv 
fi F (14.25) 
dv 
i =-C, (14.26) 
The solutions are 
TP) 
i ® W sin w,t (14.27) 
TP 
Vo3(t) = 3V a 7 NG, cos @,t 


(14.28) 
in’ 1%, 


Figure 14.61b also presents two resonant loops, as shown in Figure 14.63a and b. The circuit shown 
in Figure 14.63a has the state equations as 


di, 
Vin = Lp = + Vea = Yer (14.29) 
. dvo 
lisy 2r (14.30) 
dvc 
tag = CE (14.31) 
-> 
ILs 
+ 
Log UP Vel 
ty an Te 
To SpE 
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Figure 14.63 Two resonant loops of state II. (a) Loop I and (b) loop II 
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The solutions are 


nP 
ip = E sin @,t (14.32) 
nP 
Voo(t) = 2V + WCT cos @,t (14.33) 
T aa Gaat 


The circuit shown in Figure 14.63b has the state equations as 


dis 
Vin = Ls + Yea = Ves (14.34) 
dy, 
i= ere oe (14.35) 
: dv; 
‘sy =E E (14.36) 
where 7 „w is the output current. 
The solutions are 
, ZP 
i = -3y sin @,t (14.37) 
TPo 
Voq(t) = 4Vin + W Co o,t (14.38) 
mor 


The switching frequency has to equal the resonant frequency to achieve ZCS. The 50% duty ratio of 
each switch’s on-state and the synchronous resonance ensure the switch turn on/off at zero current. The 
resonance makes the current going through L, have two zero points per resonant cycle, and the zero 
current point’s period is half the resonant cycle. ZCS is achieved through synchronizing the switching 
action to the zero current point. For example, in Figure 14.62a resonance happens between Lg, and C}, 
every cycle when the current going through S,, and S,,, increases from zero, and falls to zero after half 
a cycle; therefore, these two switches fulfill the ZCS. For Figure 14.62b, L,, resonates with C, and C, 
in series and ZCS is achieved by the switches S,,,, S3, and S,,. For Figure 14.63a, switches S,,, S,, and 
S,, will achieve ZCS owing to the resonance of L.,, C, and C,. For Figure 14.63b, switches S,, and S4, 
achieve the ZCS owing to the resonance of L,,, C} and C, [34]. 


14.4.6 Fault Tolerance and Reliability of Multilevel Converters 


Multilevel converters present high failure possibility because they employ many power semiconductors 
and capacitors. However, the redundant states and structures of multilevel converters definitely enhance 
their operational reliability, because the converters can still operate through using redundant modules 
or by modifying the modulation strategy in case of fault conditions. For the diode clamped and capaci- 
tor clamped multilevel inverters and CMIs, there are many different fault-tolerant operating approaches 
[35-38]. 

Fault tolerance and high reliability are demonstrated here through an example of CMI. As shown in 
Figure 14.64, the redundant modules are usually used and every module includes a bypass switch, as 
shown in Figure 14.65. The fault modules can be bypassed through placing switch S to the fault position 
F. The redundant cells are put in operation to re-establish the normal operation through recovering switch 
S to the position O. 

Rather than using redundant modules, control and modulation techniques can also be applied to sustain 
the CMI’s fault-tolerant operation. When a fault occurs, the three phases might have different module 
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Figure 14.65 Module with bypass switch 


numbers, and the unbalanced output voltages produce an unbalanced load current. We can bypass as many 
modules as necessary to recover balanced operation. Figure 14.66a and b shows the phasor diagrams of 
an 11-level CMI operating in normal and fault conditions, respectively, in which two modules are at 
fault in phase c and one module in phase b. When each phase bypasses two modules, that is, two normal 
modules of phase a, and one fault module and one normal module of phase b, and two fault modules of 
phase c, the system is restored to balanced operation with a lower voltage, as shown in Figure 14.66c. If 
we keep all normal modules operational and just bypass the faulty modules, the line-to-line voltage of 
three phases can still be balanced in amplitude, even though the phase angle is not balanced. As shown 
in Figure 14.66d, the balanced line-to-line voltage magnitude is provided by the inverter after the phase 
shift of phases b and c [35]. 

Another well-known fault-tolerant operation is to utilize the redundant states. In a fault condition, the 
modulator just uses as many of the healthy modules as it can in the possible switching states in order to 
produce the maximum line-to-line voltage possible. The switching states involved in the faulty modules 
are removed. 

However, no matter whatever method is used, the maximum output voltage possible will be lower than 
the inverter’s rating and its specific new value is related to the fault type. 


14.5 Summary 


This chapter presented the fundamentals of multilevel converters/inverters and compared three popular 
topologies, that is, diode clamped multilevel inverter, flying capacitor multilevel inverter and CMI. The 
generalized multilevel inverter unified the above three topologies and provided an approach to deduce the 
new multilevel converter/inverter. For example, the M? C, magnetic-less multilevel DC/DC converter, fly- 
ing capacitor DC/DC converter and several new multilevel inverters were deduced from the generalized 
multilevel inverter topology. The utility applications of CMIs were presented, and the Y-connection and 
A-connection CMIs were analyzed when applied to the reactive power compensation and unbalanced 
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Figure 14.66 Fault-tolerant operation of CMI. (a) Normal operation, (b) fault operation, (c) new balanced system 
by bypassing modules, and (d) phase-shift operation 


current compensation. The A-connection CMI was good at both reactive power and unbalanced current 
compensation, but the Y-connection CMI only could compensate the reactive power. A CMI-based UPFC 
scheme, that is, face-to-face UPFC, was presented to eliminate the complicated transformer of conven- 
tional UPFCs. In addition, the CMI demonstrated many advantages when applied to motor drives and PV 
power generation, and example applications were introduced. The quasi-Z-source CMI provided more 
advantages than the conventional CMI in applications to PV power systems, because it could balance the 
DC-link voltages of all modules and boost the PV panel’s low-voltage level to a higher voltage level. The 
multilevel converter/inverter presented high possibility of failure because of the large number of com- 
ponents used. However, the tolerant structure of the multilevel converter/inverter provided fault-tolerant 
operation, which could enhance system reliability. This chapter used the CMI as an example to discuss 
the fault tolerance and reliability of multilevel inverters. 

Four magnetic-less multilevel DC/DC converters were introduced. First, the generalized multilevel 
inverter was used to obtain a magnetic-less DC/DC converter, and the voltage multiplier/divider was 
achieved by using the fixed duty ratio. The flying capacitor DC/DC converter, as a simplified multilevel 
DC/DC converter, was introduced to save power switches. Furthermore, the MMCCC provided a modular 
structure, simple control and lower losses than the flying capacitor DC/DC converter, but it required many 
more switches. The nX converter combined the advantages of the flying capacitor DC/DC converter and 
the MMCCC and presented a modular structure, simple control and low switch count. The ZCS was 
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demonstrated and applied to the MMCCC to reduce the loss and current spike. The component costs of 
the flying capacitor DC/DC converter, the MMCCC and the nX converter were compared, and the nX 
converter presented more advantages compared with that of the other two topologies. 
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15.1 Introduction 


Power electronic converters are currently employed in numerous industrial and household applications 
such as motor drives and power system operation and control (FACTS (flexible AC transmission sys- 
tems), HVDC (high-voltage DC), static var compensation, power quality improvement, active filtering, 
the linking of two different frequency power systems such as 50 Hz and 60 Hz, etc.). The main function 
of a power electronic converter is to convert uncontrolled power to controlled power. Broadly classified 
power electronic converters are AC/DC, DC/AC, DC/DC, and AC/AC. The classical approach to AC/AC 
conversion is the use of thyristor devices called cycloconverters. The major shortcoming of such topology 
is its limited range of output frequency (only one-fourth of the input frequency value). Another topology 
is based on bidirectional power switches that are arranged in the form of array or matrix called matrix con- 
verters [1—3]. Matrix converters transform uncontrolled AC (fixed voltage amplitude, fixed frequency) 
into controlled AC (variable voltage amplitude, variable frequency) without any intermediate conver- 
sion stage. The major advantages of a matrix converter are the sinusoidal source-side current, controlled 
source-side power factor, lack of a bulky DC-link capacitor, and no limitation on output frequency range. 
The major disadvantage is its lower output voltages: 86.6% in a three-phase input and three-phase output 
configuration. The output voltage reduces further to 78.86% in three-phase input and five-phase output 
matrix converters and 76.94% in a three-phase input and seven-phase output configuration. Broadly clas- 
sified, matrix converters are of two types: direct and indirect. In an indirect topology, it is treated as a 
combination of a controlled rectifier and an inverter with a fictitious DC link. In the direct topology, all the 
switches are considered as a single unit. The control approaches are different in the two topologies. This 
chapter elaborates on multiphase [4—6] (three-phase input and five-phase output and five-phase input and 
three-phase output) AC/AC power electronic converters, encompassing existing and new and emerging 
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topologies and controls. Three control approaches are principally discussed: carrier-based pulse-width 
modulation (PWM), direct duty ratio-based PWM (DPWM) and space vector PWM (SVPWM). The 
theoretical background along with analytical detail and simulation models is presented, followed by the 
experimental results. 


15.2 Three-Phase Input with Five-Phase Output Matrix Converter 
15.2.1 Topology 


The general power circuit topology of a three-to-five-phase matrix converter is illustrated in Figure 15.1. 
There are five legs, where each leg has three bidirectional power switches connected in series. Each power 
switch is bidirectional in nature with antiparallel connected insulated-gate bipolar transistors (IGBTs) 
and diodes. The input source is identical to a three-to-three-phase matrix converter developed in [7—9]. 
A small LC filter is connected at the source side to eliminate ripple, and the output is five phases with 
72° phase displacement between each phases. 

The switching function is defined as Sip = {1 for a closed switch, 0 for an open switch}, j= {a, b, c} 
(input), p= {A, B, C, D, E} (output). The switching constraint is Sap + Sop + Sep =. 


15.2.2 Control Algorithms 


The control of a matrix converter depends on whether it is viewed as an indirect type or a direct type. 
In indirect matrix converters it is undertaken as two units, a rectifier at the source side and inverter 
at the load side and in addition a fictitious DC link is assumed. The control techniques in this per- 
spective is an extension of controlled AC/DC and PWM DC/AC converters. Hence, similar control is 
employed as for conventional AC/DC and DC/AC converters. In the case of direct types, the method- 
ology is different and customized techniques need to be used. In the following, the techniques applied 
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Figure 15.1 Block schematic of a three-phase to five-phase matrix converter [10] (Reproduced by permission of 
IEEE) 
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for direct matrix converters are discussed. PWM techniques for a direct matrix converter are realized 
by sinusoidal carrier-based PWM schemes [11, 12], Direct Duty Ratio based PWM schemes and space 
vector PWM. These techniques as applied to non-square direct matrix converters, in which three-phase 
input and multiphase (five and seven) outputs are discussed [13—16]. 


15.2.2.1 Sinusoidal Carrier-Based PWM Technique 


A. General Description 
In this section, a balanced three-phase system is considered at the input side. The input voltages and 
output voltages are as follows: 


u, = U sin(ot) 
u, = U sin(wt — 27/3) (15.1) 
u, = Usin(@t — 4/3) 


va = Vsin(@,t — p) 


(15.2) 


vg = Vsin (o,0- s5 = o) 


The suffix with small letters indicates the input voltage, and the suffix with capital letters represents 
the output voltages. When implementing the PWM, the duty ratios of the bidirectional switches have to 
be calculated. However, in order to decouple the frequency of the output voltage from the input voltage 
frequency, the outputs are assumed in a synchronously rotating reference frame and the input remains in 
the stationary reference frame. By doing this, no input frequency term will appear in the output voltage 
equations. The duty ratios for output phase “A” are assumed as [1, 2]: 


dy = k, cos(@t — p) 
d,a = k, cos(@t — 27/3 — p) (15.3) 
d., = k, cos(wt — 42/3 — p) 
Therefore, the output five-phase voltages can be obtained using the above duty ratios as follows: 
VA = tadaa + Updya + Udon 
Vg = u d p + Updyp + Udep 


Mei ud, 


c + up dpc + U.doc (15.4) 
Vp = Uday + Uydyp + U-dep 
Vp = ud + Updyp + udo 
For phase “A”: 
va = k,U[cos(at) è cos(@t — p) + cos(@t — 27/3) e cos(wt — 22/3 — p) + cos(at — 42/3) 


e cos(wt — 47/3 — ~)] (15.5) 
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Using geometrical manipulation by expanding the cosine terms, one obtains the following for 
phase “p”: 


v= Sk, U cosg) p E A,B,C, D,E (15.6) 


In Equation (15.6), the cos(@g) term indicates that the output voltage is dependent on the phase shift o. 
Thus, the output voltages are independent of the input frequency and are only governed by the amplitude 
U of the input voltage and k, is the reference output voltage time-varying modulating signal of the desired 
output frequency w,. The five-phase reference output voltages can be represented as follows: 


k, = mcos(@,t) 

ky = mcos(@,t — 27/5) 

ko = mcos(a,t — 42/5) (15.7) 
kp = mcos(@,t — 6/5) 


kg = mcos(@,t — 82/5) 
Therefore, from Equation (15.6), the output voltages can be written as 


zz) n=0,1,2,3,4 (15.8) 


Vp = [Sv cos (o)| cos (o,t- >= 


where m is the modulation index. 


B. Application of Offset Duty Ratio 

In the above discussion, the duty ratios given by Equation (15.3) are sinusoidal and, hence, will achieve 
negative values during the half-cycle, which does not carry any physical meaning [13—15]. This is due 
to the fact that the duty ratios signify the duration of the switching “on” of the semiconductor switches, 
which can never attain negative values. The duty ratio must satisfy the constraint 0 < daps Upp» oy S 1, 
where p refers to one of the output phases. Therefore, an offset in the duty ratios should be injected 
(Equation 15.3), so that the net resultant duty ratios of individual transistors remain positive. Also the 
offset duty ratios should be added equally to all the output phases to guarantee that the effect of output 
voltage vector produced by the offset duty ratios is not reflected in the load. This means that the offset 
duty ratios can only add the common-mode voltages in the output. In general, the summation of the duty 
ratios are zero: 


dap + dap + dep = kp Cos(wt — p) + k, cos(wt — 27/3- p)+ k, cos(@t — 47/3- p)=0 (15.9) 


Absolute values (positive values) of the duty ratios are added to eliminate negative components from 
individual duty ratios, in other words it can be said that the negative values are clipped because of the 
shifting of the duty ratios upward. Hence, the lowest values of individual offset duty ratios should be 


D y(i) = |k, cos(ot = o)l, 
D, (i = |k, cos(wt — 27/3 — o)l (15.10) 
D,,(t) = |k, cos(@t — 47/3- p)| 


Effective duty ratios are da + DO, dip + Dyp (0) dop + DO. The net duty ratio dy + Dp ®© should 
be within the range of 0 to 1. Therefore, 


0<d,,+D,(0 <1 (15.1 1a) 
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can be written as 
0 < k, cos(wt — p) + Ik, cos(a@t — p)| < 1 (15.11b) 


For the extreme case, 0 < 2.1K, | < 1. The maximum value of k, or, in other words, m in Equation (15.7) 
is equal to 0.5. Hence, the offset duty ratios corresponding to the three input phases are 


D, y(t) = 10.5 cos(wt — @)|, D(t) = 10.5 cos(wt — 27/3 — @)|,D.,() = 10.5 cos(wt — 47/3 — ¢)| 
(15.12) 
Now if the value of “m” is placed in Equation (15.8), the maximum value of output voltage that can be 
achieved is 0.75 x V, where V is the input voltage magnitude. In this way, the modulation index can be 
enhanced by modifying the duty ratio. 
The original duty ratio is modified by injecting the offset, and hence the resulting duty ratios are 
obtained as [15] 
dy = D aD + k, cos(at — p) 


dya = Dya(t) + k, cos(wt — 22/3 — p) (15.13) 
dy = D (t) + k, cos(wt — 47/3 — p) 


In one switching period, the output phase has to be connected to any of the input phases. This implies 
that the sum of the duty ratios of Equation (15.13) must be equal to unity. However, it is seen that 
the summation Dyp ®© FDF Dyt) does not reach unity. Hence, there is further scope for modi- 
fying the duty ratios. Thus, another offset duty ratio [1 — {Dy + D, (0) + DO} /3 is injected into 
Dp, Dyp ®, Dy in Equation (15.13). It is to be noted that injecting this new offset duty ratio into all 
the switches will not change the output voltages and input currents. Similarly, the duty ratios are modified 
for the other output phases in Equation (15.14). The finally modified duty ratios for all five phases are 
shown in Figure 15.2. 


dap = D,,(t) + ky cos(@t — p) 
dy =D p+ k, cos(æœt — 27/3 — p) 
doy = D,,(t) + k, coslæt — 42/3 — p) p = A,B,C,D and E (15.14) 


While the modulating signals k4, kg, kc» Kp» Kg are assumed to be five-phase sinusoidal references as 
given in Equation (15.7), the input voltage capability is not fully utilized for output voltage genera- 
tion. This is because there is still some unused space in the magnitude of the duty ratios. To utilize 
this, an additional common-mode term equal to —0.5 max{ (k, , kg» kos kp» kp) + min(ky kp, Ko» kp» ky)} 
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Figure 15.2 Modified offset duty ratios for all input phases [14] 
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Figure 15.3 With and without common-mode added reference for an output phase [14] 


is injected, which can further enhance the modulation index. This technique is most readily used in volt- 
age source inverters [17]. The increase in the output voltages in the case of five phases is 5.15%. Thus, 
the amplitude of k4, kg, kc» kp» Kg can be enhanced from 0.5 to 0.5257, which is about a 5.15% increase. 
This is shown in Figure 15.3. 


C. Without Common-Mode Voltage Addition 
After adding the offsets and other constants, the overall duty ratios are obtained for output phase “A” 
as [15] 
daa = Daa (A + (1 -— {Dy + DaD + Duy (D})/3 + ky X coslot — p) 
dyy = DaO + A {DAO + D, aO + Da3 + ky X cos(@t — 27/3 — p) (15.15) 
daa = DaD + (1 = {DO + Dy + Dex(O})/3 + k, X cos(ot — 42/3 — p) 
D. With Common-Mode Voltage Addition 
The duty ratio for output phase A can be written as [15] 
daa = Dy) + (1 -— {Dy + Dy + Dea D})/3 
+ [ky — {max(ky, kg. kc» kp, kg) + min(ky, ky. kc» kp, kg)}/2] x cos(wt — p) 
d,a =D, (+ (1 — {DO + DO + D.a) 
+ [k, — {max(k,, kgs kos kp» ky) + mink, kp, kos kp» kg) }/2] X cos(wt — 27/3 — p) 
dea = Dy + CA = {DAA + Dya) + Dealt)})/3 
+ [ky — {max(k,y, kg, kc» kp. kg) + min(ky, kp, kc» kp, kg) }/2] x coslæœt — 42/3 — p) 


where 
D, a(t) = |0.5 cos(œt — p)| 
D,a(t) = |0.5 cos(@t — 27/3 — p)| (15.16) 
D,a(t) = |0.5 cos(wt — 42/3 — p)| 
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The five-phase output voltages can be written as 


k, = mcos(@,t) 

kg = mcos(@,t — 22/5) 

ko = mcos(@,t — 4/5) (15.17) 
ky = mcos(@,t — 62/5) 

kg = mcos(@,t — 82/5) 


where æ is the input frequency in rad/s, œ, is the output frequency in rad/s and m is the modulation index. 
For unity, power factor p has to be chosen as zero. The power factor control is governed by the choice of 
phase shift angle p. 


15.2.2.2 Direct Duty Ratio-Based PWM Technique 


In this section, the PWM technique based on the direct calculation of duty ratios in conjunction with the 
generalized three- to k-phase topology of a matrix converter has been described [18-21]. The DPWM 
uses the concept of per-phase output averaged over one switching period. This PWM scheme is modular 
and flexible in nature, and can therefore be employed to generalized converter circuit topology with 
arbitrary output phase numbers [22]. 

One switching period with a switching time span of T, can be divided into two subperiods. These subpe- 
riods correspond to the rising slope of the triangular carrier signal T, and the falling slope of the triangular 
carrier wave T,. The input three-phase sinusoidal signals can have different values at different instances 
of time. The maximum among the three input signals is termed Max, the medium amplitude among three 
input signals is termed Mid, and the smallest magnitude is represented as Min. During interval T, (positive 
slope of the carrier), the line-to-line voltage between Max and Min (Max{v,, vg, ve} — Min{v,, Vg. vch) 
phases is utilized to directly compute the duty ratio. In this computation, the medium amplitude of the 
input signal is not considered. The output voltage should initially follow the Max signal of the input and 
should then follow the Min signal of the input. During interval T,, the two line voltages between Max 
and Mid (Max {v;, Vg» Yc} — Mid{v,, Vg» Vc }) and Mid and Min (Mid{v;, Vg, vc} — Min{v,, Vg, Yc }) are 
first computed. The larger of the two is used for the calculation of the duty ratio in order to obtain the 
high modulation index and also to satisfy the volt-second principle. Two different cases can arise in 
time interval T, depending on the relative magnitude of the input voltages. If Max—Mid is greater than 
Mid—Min, the output should follow Max for a specific time period and then follow Mid for a specific time 
period. This situation is denoted case I, which is further explained in the following section. Similarly, if 
Max—Mid is less than Mid—Min, the output should first follow Mid of the input signal and then Min of 
the input signal, which is named case II. Therefore, the DPWM approach uses two line input voltages out 
of the three to synthesize output voltages. All three input phases are utilized to conduct current during 
each switching period. Cases I and II and the generation of the gating signals are further explained in the 
following section. 


A. Case I 

For the condition when Max—Mid > Mid—Min, the generation of the gating signal for the kth output phase 
is illustrated in Figure 15.4 for one switching period. To obtain the switching pattern, at first the duty ratio 
D,,,k € a,b,c, ... is calculated and then compared with the high-frequency triangular carrier signal to 
generate the Ath output phase switching pattern. The gating pattern for the Ath leg of the matrix converter 
is directly derived from the output switching pattern. The switching pattern is obtained assuming that 
Max is phase “A” of the input, Mid is phase “B,” and Min is phase “C.” The switching pattern changes 
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Figure 15.4 Output and switching pattern for kth phase in case I [21] (Reproduced by permission of IEEE) 


according to the variation in the relative magnitude of the input phases. The output follows Min of the 
input signal if the magnitude of the duty ratio is greater than the magnitude of the carrier and the slope of 
the carrier is positive. The output follows Max of the input signal if the magnitude of the carrier is greater 
than the magnitude of the duty ratio, regardless of the slope of the carrier. Finally, the output tracks Mid if 
the magnitude of the carrier signal is less than the magnitude of the duty ratio and the slope of the carrier 
is negative. Thus, the resulting output phase voltage changes accordingly Min>Max—Max-— Mid. These 
transition periods are termed t, , f} tą and t,,; these four subintervals can be expressed as 


ty = DoT, 

to = U = D,)6T, 

ta = (L= Dp - 6)T, (15.18) 
ta = Dull — ôT, 

T, = ty + hy + bg + yy 

where D,, is the kth phase duty ratio value, when case I is under consideration and 6 is defined by 


6 = T, /T,, which refers to the fraction of the slope of the carrier. Now, by using the volt-second principle 
of the PWM control, the following equation can be obtained [22]: 


Ts 
w= / vdt = Min{v,. Vg, Vc}-G + Max{vy, Vg: Vc} (tye + ty) + Mid{v,.Vg.Vo}-G4 (15.19) 
0 
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Substituting the time interval expressions from Equation (15.18) into Equation (15.19) yields 


Ts ô.Min {v,, vp, ve X — 6.Mid{v,, Vp, Vo }+ 
maa pl ratt= Dy ( {Vas VB Yo} {Vas VB Vc} 
O; T, 0 (07 


= + Max{v,,Vp.V 15.20 
Mid{v,, Vg, Ve} — Max{v,, Vg: Vc} ) Meteor dirao 


* 


where T, is the sampling period, v*,,v,, are the reference and actual average output voltages of phase 
“k,” respectively and v4, Vg, Vc are the input side three-phase voltages. Max, Mid and Min refer to the 
maximum, medium and minimum values and D, represents the duty ratio of the power switch. 

The duty ratio is obtained from Equation (15.20) as 


D Max{v,, Vg, Ve} — Vy 
1 A + 5(Mid{v,, Vg, Ve} — Min{v,, Vg, Ve }) 


(15.21) 


where A = (Max{v,, Vg, vc} — Mid{v,, Vg, Vc}) 
Similarly, the duty ratios of other output phases can be obtained and can subsequently be used for the 
implementation of the PWM scheme. 


B. Case II 

Now considering the condition when Max—Mid < Mid—Min. The output voltage and the required switch- 
ing sequence can once again be derived following the same methodology discussed in the earlier section. 
The output voltage signal and the switching pattern are shown in Figure 15.5. Similar to the earlier 
section, here a high-frequency triangular carrier signal is also compared with that of the duty ratio value 
D, to generate the switching pattern. The only difference in this case is that at the interval when the 
magnitude of the carrier signal is greater than the magnitude of the duty ratio and the slope is negative, 


Figure 15.5 Output and switching pattern for kth phase in case II [21] (Reproduced by permission of IEEE) 
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then the output should follow Mid instead of Max. Contrary to case I, for this situation, the output must 
follow Max of the input. The time intervals f,,, t,),t,; and t,, are the same as in Equation (15.18), and 
now the output phase voltage changes with the sequence Min>Max—Mid—Min. The volt-second prin- 
ciple is now applied to derive the equation for the duty ratio. The volt-second principle equation can be 
written as 


T; 
vlys f vdt = Min{v,, Vg, Vo}-(tey + ty) + Max{ vi, Vg: Ve} ty + Mid{v,, Yg: Yc}-tg (15.22) 


Now, once again substituting the time expression from Equation (15.18) into Equation (15.22), one 
obtains 
i fe 
v= al vdt = D,o(Min{v,, Vg, vc} — 6.Max{v,, Vg Vc} — Mid{v,, Vg, Vc} + 6.Mid{v,, Vg: vc) 
s/0 
+ 6.Max{v,,Vg, Vc} — 6.Mid{v,, Vg, Vc} + Mid{v,, Vg: Vc} (15.23) 
The duty ratio can now be written as [22] 


5 6.A + (Mid{v,, Vg, Ve} — ve,) 
2 6.4 + (Mid{v,, Vg, ve} — Min{v,, Vg, Vc}) 


(15.24) 


The switching pattern for the bidirectional power switching devices can be generated by considering 
the switching states of Figures 15.4 and 15.5. Depending on the output pattern, the gating signals can be 
obtained. If the output pattern of phase “k” is Max (or Mid, Min), then the output phase “k” is connected 
to the input phase whose voltage is Max (or Mid, Min). The PWM algorithm can be understood by the 
block diagram given in Figure 15.6. 

The maximum, minimum and medium values of the input voltages are first computed. The information 
about their relative magnitudes is given to the next computation block along with the commanded output 
phase voltages. The computation block either uses Equation (15.21) or Equation (15.24) to generate the 
duty ratios, depending on the relative magnitude of the input voltages. The duty ratio obtained goes to the 
PWM block. The PWM block calculates the time subinterval using Equation (15.18). The gating pattern 
is then derived accordingly and given to the bidirectional power semiconductor switches of the matrix 
converter. 


| Væ VB» Vc 
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Figure 15.6 Block diagram of gate signal generation for a three-phase to k-phase matrix converter [21] (Reproduced 
by permission of IEEE) 
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C. DDPWM for Three-to-Five-Phase Matrix Converter 

The principle of the working of direct DPWM is illustrated with the help of a matrix converter topology 
with three-phase input and five-phase output [22]. The output pattern for phases a, b, c, d and e is shown 
for a particular switching period in Figures 15.7—15.11, considering only case I. Since case II is similar 
to case I with only minor modification, the output patterns and subsequently the switching pattern can 
also be derived in a similar fashion and hence these are not elaborated further. 

The direct DPWM has the major advantage of modularity; hence each phase of the outputs can be 
modulated separately to follow their references. Depending on how the references or target output volt- 
ages are created, two methods are developed. One method is termed “without harmonic injection” and 
the other is called “with harmonic injection.” The maximum output voltage reaches half the input volt- 
age if simple sinusoidal reference voltages are assumed. The magnitude of the output voltages or ratio 
of output to input voltage can be increased by subtracting the common mode (which is the third har- 
monic) of the input from the input voltage itself. The magnitude of the common-mode voltage that is 
to be subtracted can be varied. Sometime it is one-sixth of the input magnitude. The optimum value 
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Figure 15.7 Output pattern of phase “a” [21] (Reproduced by permission of IEEE) 
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Figure 15.8 Output pattern of phase “b” [21] (Reproduced by permission of IEEE) 
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Figure 15.9 Output pattern of phase “c” [21] (Reproduced by permission of IEEE) 
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Figure 15.10 Output pattern of phase “d” [21] (Reproduced by permission of IEEE) 


of the injected harmonic is seen as 25% of the input maximum magnitude. Hence, by employing the 
common-mode voltage addition scheme, the output voltage magnitude can reach up to 0.75 of the input 
voltage value, which is an almost a 50% increase. 

The output voltage magnitude can be further enhanced by injecting the third harmonic of the out- 
put frequency in the reference output voltage or modulating signal. Thus, by injecting one-sixth of the 
magnitude of the third harmonic of output, the voltage transfer ratio goes up to 0.866 in the case of a 
three-to-three-phase matrix converter. This is a 15.5% increase compared to that of the harmonic injec- 
tion in the input side voltage alone. Note that here the harmonic injection is done at both the input side 
and the output side. It is also important to note that the value of 15.5% is same as the amount of enhance- 
ment of the modulation index in the case of a three-phase voltage source inverter, which is achieved by 
harmonic injection when compared to that of a simple sinusoidal carrier-based scheme. 

In the case of a multiphase voltage source inverter, a similar concept of the nth harmonic can 
be used for the enhancement of the modulation index. By injecting the nth harmonic of magnitude 
M, = —(M, sin(x /2n))/n, where n is the number of phases, the output voltage can be increased by 
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Figure 15.11 Output pattern of phase “e” [21] (Reproduced by permission of IEEE) 


1/ cos(z/2n). The same approach can be employed to enhance the output voltage magnitude of the 
matrix converter. The output voltage becomes 75% of the input voltage by only injecting the third 
harmonic. This increase is the same as that achieved in the three-to-three-phase matrix converter. Now 
in the case of three-to-five-phase matrix converter, the third harmonic of output cannot be injected, 
hence the fifth harmonic of the output frequency is injected. The maximum output voltage magnitude 
thus achieves 78.86% of the input voltage magnitude by injecting both the third (at the input side) and 
fifth (at the output side) harmonics in the linear modulation region. Hence, the overall gain in the output 
is 5.15%. It is to be noted here that the same amount of enhancement is achieved by the fifth harmonic 
injection in a five-phase voltage source inverter [23]. The output voltage references are now given as [22] 


ven = dV in-rms COS(@,t) — P(t) 


[e] 
D 
© a 


Vob = 5 A Vin-rms cos (ot 7 27) T olt) 
võ = TE cos (ot = 45) > p(t) (15.25) 
Voa > EAV cos (ot + 45) = P(t) 
v = 2 V, cos (o 1+22) - (t) 
oe T 54 in-rms o 5 p 


where 


v6 v6 


ot) = ET Vi nrms COS(3@,t) + 79.5 1V in-rms 

The output reference is the sum of the fundamental and the third and fifth harmonic components, where 

the sinusoidal output references ride on a common-mode voltage g(t), which is a combination of the third 

and fifth harmonic components. The arguments œ;, @, are the input and output frequencies, respectively. 

The input and output references, along with their common-mode voltages and the relative magnitude of 

the input voltages, are fed to the “duty ratio calculation” block. The implementation block diagram of 
the proposed method of the PWM is shown in Figure 15.12. 


cos(S5a,t) (15.26) 
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Figure 15.12 Modulation implementation block using harmonic injection [21] (Reproduced by permission of IEEE) 


The outputs (D, Dy.» Dexs Days Dey» X = 1 or 2) are compared with that of a high-frequency carrier sig- 
nal in order to generate the output voltage pattern. The gate signals are then derived directly from the gen- 
erated output voltage patterns. The simulation and experimental results are presented in the later sections. 


15.2.2.3 Space Vector PWM Technique 


A. General Description 
The space vector PWM technique is highly popular in conjunction with voltage source inverters because 
of higher DC bus utilization and its easier digital realization. The concept of space vectors can be extended 
to the matrix converter. In the matrix converter, the space vector algorithm [24—30] is based on the 
representation of the input current and output line voltages on the space vector planes. In matrix con- 
verters, each output phase is connected to each input phase depending on the state of the switches. For 
a three-to-five-phase matrix converter [10, 31], the total number of bidirectional power semiconductor 
switches is 15. 

With this number of switches the total combination of switching is 2'>; however, for the protection of 
the switches the following conditions are considered: 


e Input phases should never be short circuited during operation (to protect the source from short 
circuiting). 
e Output phases should never be open circuited during operation (to protect the inductive load). 


Considering the above two constraints, the switching combinations are reduced to 35, that is, 243 for 
connecting output phases to input phases. These switching combinations can be put into five groups. 
The switching combinations are represented as [31] 


{p.q.7} 


where p, q and r represent the number of output phases connected to input phase A, phase B and phase 
C, respectively. 
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1. p,g,r € 0,0,5|p # q £ r: All output phases are connected to the same input phase. This group con- 
sists of three possible switching combinations, that is, all output phases are connected to either the 
input phase A, or input phase B, or input phase C. {5, 0, 0} represents the switching condition when 
all the output phases connect to input phase A. {0, 5, 0} represents the switching condition when all 
output phases connect to input phase B. {0, 0, 5} represents the switching condition when all output 
phases connect to input phase C. These vectors have zero magnitude and frequency. These are called 
zero vectors and they are used for space vector PWM implementation [31]. 

2. p,q,r € 0,1,4|p £ q +£ r: Four of the output phases are connected to the same input phase and the fifth 
output phase is connected to any of the other two remaining input phases. Here, 4 means that four dif- 
ferent output phases are connected to input phase A. The number 1 means that one output phase other 
than the previous four is connected to input phase B and input phase C is not connected to any output 
phase. As such six different switching states exist ({4, 1, 0}, {1, 4, O}, {1, 0, 4}, {0, 1, 4}, {0, 4, 1}, 
{4, 0, 1}). Out of these each switching state can have a further five different combinations, that is, every 
switching state has °C 4X ig ı = 5 combinations. Hence, this group consists of 6 x 5 = 30 switching 
combinations in total. These vectors have variable amplitudes at a constant frequency in space. This 
means that the amplitude of the output voltages depends on the selected input line voltages. In this 
case, the phase angle of the output voltage space vector does not depend on the phase angle of the 
input voltage space vector. The 30 combinations in this group determine the 10 prefixed positions 
of the output voltage space vectors which are not dependent on a. A similar condition is also valid 
for the current vectors. The 30 combinations in this group determine the six prefixed positions of the 
input current space vectors, which are not dependent on «,. 

3. p,q,r € 0,2,3|p # q £ r: Three of the output phases are connected to the same input phase and the 
two other output phases are connected to any of the other two input phases. As such six different 
switching states exist ({3, 2, 0}, {2, 3, 0}, {2, 0, 3}, {0, 2, 3}, {0, 3, 2} and {3, 0, 2}). Out of these, 
each switching permutation can have a further 10 different combinations, that is, every switching per- 
mutation has ŽC. 3 X C, = 10 combinations. This group, therefore, consists of 6 X 10 = 60 switching 
combinations. These vectors also have variable amplitudes at a constant frequency in space. The 60 
combinations in this group determine the 10 prefixed positions of the output voltage space vectors, 
which are not dependent on a,. A similar condition is also valid for current vectors. The 60 combina- 
tions in this group determine the six prefixed positions of the input current space vectors, which are 
not dependent on «@,. 

4. p,q,r E 1,1,3|p + q + r: Three of the output phases are connected to the same input phase and the 
two other output phases are connected to the other two input phases, respectively. As such three 
different switching states exist ({3, 1, 1}, {1, 3, 1}, {1, 1, 3}). Out of these, each switching state can 
have a further 20 different combinations, that is, every switching permutation has $ C, x 26 1X E = 
20 combinations. This group is, therefore, made up of 3 x 20 = 60 switching combinations. These 
vectors have fluctuating amplitudes with variable frequency in space. It makes sense that the amplitude 
of the output voltages depends on the particular input line voltages. As a result, the phase angle of 
the output voltage space vector depends on the phase angle of the input voltage space vector. The 60 
combinations in this group do not determine any prefixed positions of the output voltage space vector. 
The locus of the output voltage space vectors forms ellipses in different orientations in space as a, is 
varied. A similar condition can be obtained for the current vectors. For the space vector modulation 
technique, these switching states are not used in the matrix converter since the phase angle of both 
the input and output vectors cannot be independently controlled. 

5. p,q,r E€ 1,2,2|p + q # r: Two of the output phases are connected to the same input phase, the two 
other output phases are connected to another input phase and the fifth output phase is connected to the 
third input phase. As such three different switching states exist ({1, 2,2}, {2, 1,2} and {2, 2, 1}). Each 
switching state can have a further 30 different combinations, that is, every switching permutation has 
°C, x? C, x 'C , = 30 combinations. This group thus consists of 3 x 30 = 90 switching combinations. 
These vectors also have variable amplitude and variable frequency in space. That is, the amplitude 
of the output voltages depends on the selected input line voltages. In this case, the phase angle of 
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the output voltage space vector depends on the phase angle of the input voltage space vector. The 
90 combinations in this group do not determine any prefixed positions of the output voltage space 
vector. The locus of the output voltage space vectors form ellipses in different orientations in space 
as a, is varied. A similar condition is also valid for current vectors. For the space vector modulation 
technique, these switching states are also not used in the matrix converter since the phase angle of 
both the input and output vectors cannot be independently controlled. 


The active switching vectors that can be used for the space vector PWM of a three-to-five-phase matrix 
converter are as follows: 


Group 1:{5, 0, 0} consists of three vectors 
Group 2:{4, 1, 0} consists of 30 vectors 
Group 3:{3, 2, 0} consists of 60 vectors 


B. Space Vector Control Strategy 

There are 243 permissible switching combinations in a three-to-five-phase matrix converter that are 
eligible for the selection of a space vector PWM. However, only 93 active switching vectors are used 
for the matrix converter space vector modulation technique. These active vectors are divided into four 
groups [31]: 


Group 1: {5, 0, 0} consists of three vectors, these are called “zero vectors.” 

Group 2: {4, 1, 0} consists of 30 vectors, these are called “medium vectors.” 

Group 3: {3, 2, 0} consists of 30 vectors in which the two adjacent output phases are connected to the 
same input phase, these are called “large vectors.” 

Group 4: {3, 2, 0} consists of 30 vectors in which the two alternate output phases are connected to the 
same input phase, these are called “small vectors.” 


The vectors are named according to their length or magnitude. 

In the space vector PWM strategy for a three-to-five-phase matrix converter, only the switching states 
of Groups 1, 2 and 3 can be used. The switching states in Group 4 cannot be used since the corresponding 
switching space vectors (SSVs) are rotating with time and would not be suitable. The input current SSVs 
and output voltage SSVs of each switching state in Groups 2 and 3 are illustrated in Figures 15.13 and 
15.14, respectively. 

The large vectors and medium vectors are represented as “L” and “M”, respectively. The small vectors 
are not considered for space vector PWM implementation. The letters “L” and “M” refer to the large and 
medium vectors, respectively and the numbers in front of the letters are the vector numbers. 

For each combination, the input and output line voltages can be expressed in terms of space vectors as 


V= - (Van + Vic’ ® + Vad? ) = Vie (15.27) 
> 2 Qn An 6r -87 ‘a 
V= = (Van + Vaod S + Vopiel® + Voge T AVET ) = V,.e8% (15.28) 


In a similar fashion, the input and output line currents space vectors are defined as [31] 


i= - (1, +h, +AT ) = 1, e (15.29) 


T= z (the thd? +IyeF +e) = 1 (15.30) 
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+1L,+4L,+7L, + 10L, + 13L 3L, + OL, +9L, + 12L, + ISL 
+1M, +4M, +7M, + 10M, +13M 2 +3M, +6M,+9M, + 12M, +15M 


+2M, +5M, +8M, + 11M, +15MY 42L, + 5L, + 8L, + IIL, + 14L 
All Input vector configuration 


Figure 15.13 Input current space vectors corresponding to the permitted switching combinations for group 3: 
{3, 2, 0} (all vectors) [10] (Reproduced by permission of IEEE) 


where a; and a, are the input and the output voltage vector phase angles, respectively, while J, and 2, 
are the input and output current vector phase angles, respectively. 
The SVM algorithm can be written as 


1. select the appropriate switching states 
2. calculate the duty cycle for each switching state 


During one switching period T,, the switching states whose switching state vectors are adjacent to the 
desired output voltage (and input current) vectors should be selected, and the zero switching states are 
applied to complete the switching period to provide the maximum output to input voltage transfer ratio. 

The aim of the space vector control strategy is to generate the desired output voltage vector with the 
constraint of a unity input power factor, nevertheless the power factor can also be varied. For this purpose, 
let A be the desired output line voltage space vector and V, be the input line voltage space vector at a 


given time. The input line to neutral voltage vector E is defined by 
=> ; 
E, = —V..e7%6 (15.31) 


= 
In order to obtain a unity input power factor, the direction of the input current space vector J; has to be 


same as that of E. Assume that v, and $ are in sector 1 (there are 6 sectors in input side and 10 sectors 
in output side as the input side is three phase and output side is five phase). In Figure 15.14, for large and 
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B 
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+13L, + 14L, + 15L + 10M, + 11M, +12M 


\ i Zi 


+1L, +2L, +3L 
+ 13M, + 14M, + 15M 


+10L, + 11L, + 12L 
+7M, + 8M, +9M 


+ 1M, +2M, +3M { +4M ,+5M ,4 6M 
+4L, +5L,+6L +7L ,+8L ,+9L 


Figure 15.14 Output voltage space vectors corresponding to the permitted switching combinations for group 3: 
{3, 2, 0} (large and medium vectors) [10] (Reproduced by permission of IEEE) 


. . =/ =" = . 
medium vector configurations, V, and V, represent the components of V, along the two adjacent vector 


directions. Similarly J, is resolved into components Z and //’ along the two adjacent vector directions. 
Possible switching states that can be utilized to synthesize the resolved voltage and current components 
(assuming both input and output vectors are in sector 1) are [31] 


f 
A > +10L, +11L, +12L and + 7M,+8M,+9M 


n 
V :+1L,+2L,+3L and + 13M,+14M,+15M 


I : +3L,+6L, +9L,+12L,+15L and + 3M, +6M,+9M,+12M,+15M 


IL : +1L,+4L,+7L,+10L,+13L and + 1M,+4M,+7M,+10M,+13M 


The output voltage and input current vectors can be synthesized simultaneously by selecting the 
common switching states of the output voltage components and input current components. Looking at 
sector 1, the common switching states between voltage and current are +10L,+12L,+7M,+9M and 
+ 1L,+43L,+13M,+15M. From two switching states with the same number but opposite signs, 
only one should be used since the corresponding voltage or current space vectors are in opposite 
directions. Switching states with positive signs are used to calculate the duty cycle of the switching 
state. The selection of switching states for implementing space vector PWM can also be explained as 
follows [31]. 
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Considering small variation in input voltage during the switching cycle period, the desired v can be 
approximated by utilizing four (two medium and two large) switching configurations corresponding to 
four space vectors in the same direction of v and one zero voltage configuration. 

Among the six possible switching configurations, the two giving the higher output voltage values 
corresponding to large vectors ai the two giving medium voltage values corresponding to medium 
vectors with the same direction of v are chosen. In the same way, four different switching configura- 
tions and one zero voltage configuration afe used to define v z” . With reference to the example shown in 


Figures 15.13 and 15.14, the input voltage V, has a phase angle 0 < a; s: In this case, the line voltages 
Vag and — Vo, assume the higher values. Then according to the switching table of large and medium 


1 
vectors, the configurations used to obtain A are +10L and —12L for large vectors and +7M and —9M 


for medium vectors, while for V” are +1L, —3L and +13M, —15M. These eight space vector combina- 
tions can be utilized to determine the input current vector direction as also shown in Figure 15.13. These 
configurations are associated with vector directions adjacent to the input current vector position. 

There are 60 switching combinations for different sector combinations. These combinations for large 
and medium vectors are shown in Table 15.1. 

By applying the space vector modulation technique, the on-time ratio ô of each configuration can be 
obtained by solving two systems of algebraic equations. In particular, utilizing configurations +10L, 


—12L and +7M, —9M to generate A and to set the input current vector direction, one can write 


A T 
Sor lLlVa — Bsa ITV BB soy MLV -Ì.IL + M|. sin (Z +a, 


- 6 oy-IMI-V,, = V! = živi 
(1532) 


) 
(15.33) 
) 


Table 15.1 Space vector choice for space vector PWM in different sectors [31] 


Sector # of V, Sector # of J; 


lor4 2or5 3 or 6 
lor6 +10L, +12L, +1L, +3L, +12L, +11L, +3L, +2L, +11L, +10L, +2L, +1L, 
+7M, +9M, +13M, +15M +15M, +14M, +9M, +8M +14M, +13M, +8M, +7M 
2or7 +10L, +12L, +40, +6L, +12L, +11L, +6L, +5L, +11L, +10L, +5L, +41, 
+7M, +9M, +1M, +3M +3M, +2M, +9M, +8M +2M, +1M, +8M, +7M 
3 0r8 +13L, +15L, +41, +6L, +15L, +14L, +6L, +5L, +14L, +13L, +5L, +4L, 
+1M, +3M, +10M, +12M +12M, +11M, +3M, +2M +11M, +10M, +2M, +1M, 
4or9 +13L, +15L, +7L, +9L, +15L, +14L, +9L, +8L, +14L, +13L, +8L, +7L, 
+10M, +12M, +4M, +6M +12M, +11M, +6M, +5M +11M, +10M, +5M, +4M 
5 or 10 +1L, +3L, +7L, +9L, +3L, +2L, +9L, +8L, +2L, +1L, +8L, +7L, 


+4M, +6M, +13M, +15M 


Reproduced by permission of IEEE 


+15L, +14L, +6L, +5L 


+14M, +13M, +5M, +4M 
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Considering a balanced system of sinusoidal supply voltages expressed as 
> 
V» = |V;| cos(a,) 
V, = |V| cos (a, = =) (15.34) 
Vie IVI cos (a, a =) 


the solution of the system of Equations (15.32) and (15.33) gives 
ô = << sin (4 +a) sin (= -a ) 
+10L 7 q.\L Wi 10 * 3 i 


sin (= +a a] . sin(a,) 


rae 
Wi 


(15.35) 


Ar 
A 
to large and medium vectors, respectively, With the same procedure, utilizing O Eon +1L,=3L 


where q = 


and +13M, —15M to generate A and to set the input current vector direction yields [31]: 


(15.36) 


The results obtained are valid for — 7/10 < a, < 7/10 and for 0 < a, < 7%. 

By applying a similar procedure for the other possible pairs of angular sectors, the required switching 
configurations and the on-time ratio of each configuration can be determined. 

Note that the values of the on-time ratios (or duty cycle) should be positive. Furthermore, the sum of 


the ratios must be lower than or equal to unity. By adding Equations (15.35) and (15.36) with the above 
constraints, one can write 


rior + Ôi + sir + Ôa + O47 + O_om + S413 + O15 < 1 (15.37) 


The maximum value of the voltage transfer ratio can be determined as g = 0.7886 for a three-phase 
input to five-phase output matrix converter. 


C. Maximum Output in n-Phase by m-Phase Matrix Converter 
One can relate the maximum output voltage in an n-phase to m-phase matrix converter with the maximum 
output voltage achievable in an equivalent m-phase voltage source inverter and the length of the largest 
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space vector of an n-phase voltage source inverter. A general relationship is given as [31] 
Maximum possible output in n by m matrix converter 


maximum output in m-phase inverter in linear range 
length of the largest space vector of n-phase inverter / ` 


The maximum output expression for n-phase by m-phase matrix converters is correlated with n-phase 
and m-phase inverters. In an n-phase by m-phase matrix converter, the input is n-phase and the output is 
m-phase. It can be reimaged as two inverters (one is of n-phase output and the other is of m-phase output) 
are connected back to back. In the case of the m-phase inverter, the maximum output in the linear range 


can be written as [23] 
1 


{2. cos(x/(2.m))} (15.38) 


The above term will be divided by the maximum vector length of n-phase inverter to obtain the maxi- 
mum output value for an “n” by “m” phase matrix converter in the linear modulation range. The Vpe is 
written in the formula of Table 15.2 to show the exact vector length equation for an inverter. In this case, 
Voc 1s equal to unity. 


D. Commutation Requirements 

Once the phase angles of the input current and output line voltage are known, the eight space vectors 
are required to synthesize the space vector PWM (since the input is three phase). These eight space 
vectors are utilized until a, or a, changes the angular sector. One of the zero space voltage vectors should 
be employed in each switching cycle to obtain a symmetrical switching waveform. The sequence of 
switching of the resulting nine (eight active and one zero) space vectors should be defined in order to 
minimize the number of switch commutations [31]. 


Table 15.2 Maximum modulation index formulation [10] 


Matrix converter Maximum output to input Maximum modulation 
configuration voltage formula index (%) 
(n-input xX m-output) 


1/{2.cos(z/6)} 


3x3 —— 86.66 
a 2/3Vpe e 
3x5 1/{2. cos(z/10)} 78.86 

2/3Vpc 
3x6 1/12. cos(z/12)} 77.65 
2/3Vpc 
1/{2. 14 
3x7 1/12. cos(z/14)} 76.93 
2/3Vpc 
1/{2. 18 
3x9 1/12. cos(z/18)} 76.15 
2/3Vpe 
5x3 1/12. cos(x /6)} 89.21 
0.6472 Vbc 
1/{2. cos(x /10)} 
81.2 
ago 0.6472Vpc á 


Reproduced by permission of IEEE 
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Table 15.3 Space vector switching sequence [10] 


Space vector A B C D E Vector no. 
0/2 b b b b b 0 
+7M/2 b b a b b I 
+13M/2 b b b b a II 
—10L/2 a b b b a Il 
+1L/2 a b b a a IV 
—3L/2 a c c a a V 
+12L/2 a c c e a VI 
—15M/2 c c e c a Vil 
—9M/2 c c a c c V 
0 c c c c c IX 
—9M12 c c a c c VI 
—15M/2 e c e c a vil 
+12L/2 a c c e a VI 
-3L/2 a c e a a V 
+1L/2 a b b a a IV 
—10L/2 a b b b a m 
+13M/2 b b b b a II 
+7M/2 b b a b b I 
0/2 b b b b b 0 


Reproduced by permission of IEEE 


With reference to the a, and a, values considered in Figures 15.13 and 15.14, the available space vectors 
and their sequence of switching is listed in Table 15.3 assuming both the input and output reference 
vectors in sector I. The first column lists the different space vectors that will be used for the space vector 
PWM. The second to sixth columns list the input and output phases that will be connected during the 
switching period. The capital letter denotes the output phases (five phase) and the small letter indicates 
the input phases (three phase). The sequence of application of space vectors can be defined such that the 
number of switchings in one sampling period is the minimum. The switching sequence in one sample 
period in sector I (both input and output reference vectors) is listed in Table 15.3. 

To obtain symmetrical switching, at first a zero vector is applied followed by eight active vectors in 
a half-sampling period. The mirror image of the switching sequence is employed in the second half of 
the sampling period. The time of applications of active and zero vectors are divided into two; hence, the 
total time of application is also halved. It is observed that when applying vector +7M after zero vector, 
only one state is changed, the input phase “a” is now connected to the output phase “C.” In the next 
transition from +7M to +13M, two states are changed. Each change in the switching is shown by a bold 
and underlined alphabet. 

It should be noted that in this way only 12 commutations are required in each half-sampling period. 
Once the configurations are selected and sequenced, the on-time ratio of each configuration is calculated 
using Equations (15.35) and (15.36) given for the appropriate sector. 


15.3 Simulation and Experimental Results 


A Matlab/Simulink model can be used to verify the PWM algorithm presented above. A simulation 
example is presented here. The input voltage is kept at 100 V peak to show the exact voltage transfer 
ratio at the output side, and the switching frequency of the devices is kept at 6 kHz. (Different parameters 
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can be set in the Matlab/Simulink model.) The load connected to the Matrix converter is R-L with 
parameter values R = 15 Q and L= 10 mH. The above parameters are utilized for the carrier-based mod- 
ulation scheme. Similarly, the DDPWM parameters are R= 15 Q, L= 12 mH, output frequency = 40 Hz 
and switching frequency = 10 kHz. In the case of the space vector modulation technique, the parameters 
are R=12Q, L=40 mH, output frequency = 40 Hz and switching frequency = 6 kHz. The operation of 
the topology of the matrix converter is tested for a wide range of frequencies, from as low as | Hz to 
higher frequencies, considering deep-flux weakening operation. The simulation results are shown for 
different modulation techniques (Figures 15.15 to 15.23). 
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Figure 15.15 Input voltage and current at 50 Hz (carrier-based modulation) 
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Figure 15.16 Output phase voltage and current at 40 Hz (carrier-based modulation) 
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Figure 15.17 Input voltage and current at 50 Hz (DDPWM) 
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Figure 15.18 Output phase voltage and current at 40 Hz (DDPWM) 
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Figure 15.19 Input voltage and current at 50 Hz (SVPWM) 
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Figure 15.20 Output phase voltage and current at 40 Hz (SVPWM) 


Figure 15.21 Experimental output line voltage for carrier-based PWM technique (200 V/div, 10 ms/div) 
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Figure 15.22 Experimental output phase voltage for DDPWM technique (50 V/div, Sms/div) [21] (Reproduced by 
permission of IEEE) 
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Figure 15.23 Experimental output phase voltages for SVPWM technique (100 V/div, 5ms/div) [10] 


15.4 Matrix Converter with Five-Phase Input 
and Three-Phase Output 


15.4.1 Topology 


The power circuit topology of a five-to-three phase matrix converter [32] is shown in Figure 15.24. 
There are three legs with each leg having five bidirectional power switches connected in parallel. Each 
power switch can conduct in both directions and have antiparallel connected IGBTs and diodes. The 
output is similar to the three-to-three-phase matrix converter, and the input is five phases with 72° phase 
displacement between each with small LC filters. Such a topology can be used in conjunction with a 
five-phase wind energy generator. The switching function is defined as S,, = {1 for a closed switch, 0 for 


Figure 15.24 Five-to-three-phase direct matrix converter [33] 
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an open switch}, k = {a, b, c, d, e} (input), j = {A, B, C} (output). The switching constraint is Saj + Shj + 
Soj + Saj + Sej = 1. The load to the matrix converter can be a motor drive or utility grid system. The 
requirements on the matrix converter control depend on the type of load. The modulation of this converter 
topology (input phase > output phase) is similar to that of the converter with output phase > input phase. 
Carrier-based PWM and space vector PWM can be developed for this topology and is further elaborated 
in the following section. 


15.4.2 Control Techniques 


15.4.2.1 Carrier-Based PWM Modeling 


A. General Description 
The input five-phase system is assumed as 
v, = |V| cos(@t), v, = |V| cos(@t — 27/5), v, = |V| cos(@t — 42/5) 
(15.39) 
va = |V] cos(@t + 42/5), v, = |V| cos(@t + 27/5) 


The three-phase output voltage duty ratios should be calculated in such a way that the frequency of 
the output voltages remains independent of the input frequency [31]. In other words, the three-phase 
output voltages can be considered a synchronous reference frame and the five-phase input voltages can 
be considered to be in a stationary reference frame, so that the input frequency term will be absent in 
output voltages. Considering the above, the duty ratios of output phase j are chosen as 


6,, = kj cos(wt — p), 6, = kj cos(@t — 22/5 - p) 
ôj = k; cos(œt — 42/5 — p), 54; = k; cos(œt + 42/5 — p) (15.40) 
ô = kj cos(@t + 27/5 — p) 


The input and output voltages are related as 
v (15.41) 


Therefore, the phase j output voltage can be obtained by using the above duty ratios: 
V; = k| V| [cos(@t) è cos(œt — p) + cos(wt — 22/5) e cos(@t — 27/5 — p) + cos(æœt — 42/5) 
e cos(w@t — 42/5 — p) + cos(@t + 42/5) è cos(@t + 42/5 — p) + cos(wt + 27/5) 
e cos(@t + 27/5 — p)] (15.42) 


In general, Equation (15.42) can be written as 


5 
V; = SIV costp) (15.43) 


In Equation (15.43), the cos(p) term indicates that the output voltage is influenced by p. Thus, the 
output voltage V; is independent of the input frequency and only depends on the amplitude |V| of the 
input voltage and k; is a reference output voltage time-varying modulating signal for the output phase j 
with the desired output frequency w,. The three-phase reference output voltages can be represented as 


k, = mcos(@,t), kg = mcos(@,t — 27/3), ko = mcos(@,t — 42/3) (15.44) 
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Therefore, from Equation (15.43), the output voltages are obtained as 
5 5 m 
V, = [3m IV] cos()| cos(@,t), Vg = [3m IVI cos()| cos (ot — 27) 
(15.45) 


Vo = [èm IV] cos()| cos (ot — 45) 


B. Application of Offset Duty Ratio 

In the above discussion [32], duty ratios become negative (see Equation (15.44)), which is not prac- 
tically realizable. For the switches connected to output phase j, at any instant the conditions 0 < d,,, 
dy. doja dajo dej < 1 and d, +d, +d, + dy + dej = 1 should be valid. Therefore, offset duty ratios should 
to be added to the existing duty ratios, so that the net resultant duty ratios of individual switches are 
always positive. Furthermore, the offset duty ratios should be added equally to all the output phases to 
ensure that the effect of the resultant output voltage vector produced by the offset duty ratios is null in the 
load. That is, the offset duty ratios can only add the common-mode voltages in the output. Considering 
the case of output phase j: 


dj + dy +d; + dy +d, = kj cos(@t — p) + k; cos(wt — 22/5 — p)+ k; cos(œt — 47/5 -— p) 
+k, cos(@t + 42/5 — p) + k; cos(œt + 22/5 — p) = 0 (15.46) 


The sum of all the duty ratios is zero because the duty ratios contain equal amounts of positive and 
negative components. Absolute values of the duty ratios are added to cancel the negative components 
from individual duty ratios. Thus, the minimum individual offset duty ratios should be 
D,(t) = |d l = |k; cos(@t — p)| 
D, = |d,jl = Ik; cos(@t — 27/5 — p)| 

j 


D. = |d 


c 


= |k cos(wt — 47/5 — p)| (15.47) 


D,(t) = |dgj| = Ik; cos(@t + 47/5 — p)| 


Dt) = |dai| = Ik; cos(@t + 22/5 - p)| 


The effective duty ratios are 
ĉj =d,+D,(0, 5; = dy + D,®, 5, = dj + Dt), ôl = da + DO), 5, = dj +D (15.48) 


The net duty ratios of 0 < 5, õli» ô> 64° ĉj < 1 should be within the range 0—1. For the worst case 


with respect to a five-phase input: 
0 < 2.|k;| x 2cos(z/5) < 1 (15.49) 


The maximum value of k; is equal to 0.309 or sin(z/10). In any switching cycle, the output phase 
should not be open circuited. Thus, the sum of the duty ratios in Equation (15.47) must equal 
unity. But the summation D,(f) + D,(t) + D.() + D(t) + D.(@) is less than or equal to unity. Hence, 
another offset duty ratio [1 — {D,() + D, + D) + Di + D.()}1/5 is added to D,(t),D,(1), 
D,(t), D(t) and D.(t) in Equation (15.49). The addition of this offset duty ratio in all switches will 
maintain the output voltages and input currents unaffected. The above explanation finally derives the 
maximum modulation index for five-phase input with three-phase output from Equation (15.45) as 


10 
as given in Equation (15.44), the input voltage capability is not fully utilized for output voltage 


ik = 2 x sin ) = 0.7725 or 77.25%. If ky, ky, kc are chosen to be three-phase sinusoidal references 
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generation and the output magnitude remains only 77.25% of the input magnitude. To overcome this, 
an additional common-mode term equal to [{max(k;, kg» kc) + min(k,, kg, kc)}/2] is added, as in the 
carrier-based PWM principle for two-level inverters. Thus, the amplitude of (k,, ky, kc) can be enhanced 
from 0.309 to 0.3568. 


C. Without Common-Mode Voltage Addition 

In the earlier section, two offsets are added to the original duty ratios to form the effective duty ratio which 
can be compared to that of the triangular carrier wave to generate the gating signals for the bidirectional 
power switches. The output phase voltage magnitude will reach 77.25% of the input voltage magnitude 
with this method. To further enhance the output voltage magnitude, common-mode voltages of the output 
reference signals are added to formulate the new duty ratios, as discussed in the following section. 


D. With Common-Mode Voltage Addition 

The duty ratios can further be modified by the injection of common-mode voltage of the output voltage 
references to improve the output voltage magnitude. The output voltage magnitude increases and reaches 
its limiting value of 89.2% of the input magnitude. The common-mode voltage that is added to obtain 
new duty ratios is 


Vitex — Vmi 
Vom == Max Min (15.50) 
2 
where 
Vmax = Max {k;; kg» ke} Vum = min{ky, kp» ke} (15.51) 


The duty ratio for output phase p can be written as [32] 


6, = DO + (1 — {D,0 + DLO + DO) + DD + D.O})/3 + [kj + Vem X cos(@t — p) 


5, = Dy (0) + (1 — {DÐ + Dy) + DD) + Da) + D(D)})/3 + [ky + Vem] X coslot — 22/5 — p) 


Ôj = D + (1 — {D,0) + D, + DO) + Dg) + D.)})/3 + [k; + V.m] X cos(@t — 42/5 — p) 
64 = DaO + 1- {D + DO + DD + DÀ + D.})/3 + [k; + Vom] X cos(@t + 47/5- p) 


6, = DL + 1 - {DA + DO) + DO +D + D.O})/3 + [k + Vom] X cos(@t + 22/5 — p) 
(15.52) 


where j € A,B,C 


15.4.2.2 Space Vector Model of Five-to-Three-Phase Matrix Converter 


A. General Description 

The space vector algorithm is based on the representation of the five-phase input current and three-phase 
output line voltages on the space vector plane [33]. In matrix converters, each output phase is connected 
to each input phase depending on the state of the switches. For a five-to-three-phase matrix converter, 
there are 15 switches with a total combination of switching possibilities of 2!5 = 32768. However, for the 
safe switching of the matrix converter, the following constraints must be met (as for three-phase input 
and multiphase output): 


e Input phases should never be short circuited to protect the source 
e Output phases should never be open circuited at any switching time due to the inductive nature of 
the load 
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Considering the above two constraints, the switching combinations are reduced to 5° or 125 different 
switching combinations connecting output phases to input phases. These switching combinations can be 
analyzed in three different categories. 

The switching combinations are represented as {p, q, r, s, t} where p, q, r, s and t represent the count 
of output phases that may be 0, 1, 2, or 3 connected to input phases A, B, C, D and E. 


1. {p,q,r,s,t} E {0,0,0,0,3}|p Æ q #Ar#s £ t: All the output phases are connected to the same input 
phase. This group consists of five possible switching combinations, that is, all the output phases con- 
nect to the same input phases A, B, C, D, or E. {3, 0, 0, 0, 0} represents the switching condition 
when all output phases connect to input phase A. {0, 3, 0, 0, 0} represents the switching condi- 
tion when all output phases connect to input phase B. {0, 0, 3, 0, 0} represents the switching condition 
when all output phases connect to input phase C. {0, 0, 0, 3, 0} represents the switching condi- 
tion when all the output phases connect to input phase D. {0, 0, 0, 0, 3} represents the switching 
condition when all output phases connect to input phase E. These so-called zero vectors have zero 
magnitude and frequency. 

2. {p.q,r,s,t} E {0,0,0,1,2}|p Æq #rH#s + t: Two of the output phases are connected to the same 
input phase and the third output phase is connected to any of the other four input phases. Here the 
element “2” denotes that two different output phases are connected to input phase E and element “1” 
denotes that the remaining output phase is connected to input phase D. Input phases A, B and C are 
not connected to any output phases. As such > P, = 20 different permutations exist. Out of these, the 
“1” switching state can have a further three different combinations. That is, every switching permu- 
tation has C, x!C , = 3 combinations. Therefore, there are 20 x 3 = 60 switching combinations in 
all. These vectors have variable amplitude, but constant frequency in space implying output voltage 
amplitudes depend on the selected input line voltages. Moreover, the phase angle of the output voltage 
space vector is not dependent on the phase angle of the input voltage space vector. The 60 combina- 
tions in this group determine the six prefixed positions of the output voltage space vectors that are not 
dependent on a,. A similar condition is also valid for current vectors in which the same 60 combina- 
tions determine the 10 prefixed positions of the input current space vectors that are not dependent on 
a,. 

3. {p,q.r.s,t} E {0,0,1,1,1}|p #4 Ær £s + t All output phases are connected to three out of five 
different input phases and the two other input phases are in open condition. As such > C, = 10 dif- 
ferent combinations exist. Next, the “1” element switching combination can have further six differ- 
ent permutations for every switching combination with ° P, = 6 permutations, yielding 10 x 6 = 60 
total switching combinations. These vectors are variable in amplitude and frequency in space, which 
implies that the output voltage amplitudes are dependent on the selected input line voltages. In this 
case, the phase angle of the output voltage space vector depends on the phase angle of the input 
voltage space vector. Also of note, the 60 combinations in this category do not determine any pre- 
fixed positions of the output voltage space vector. The locus of the output voltage space vectors form 
ellipses in different orientations in space as æ; varies. A similar condition is also valid for current vec- 
tors as æ, varies. For the space vector modulation technique proposed in the paper, these switching 
states are not used since the phase angle of both the input and output vectors cannot be independently 
controlled. 


In general, the active switching vectors used for space vector PWM of a five-to-three-phase matrix 
converter are as follows: 


Category 1: {3, 0, 0, 0, 0} consisting of five vectors 
Category 2: {2, 1, 0, 0, 0} consisting of 60 vectors 
Category 3: {1, 1, 1, 0, 0} consisting of 60 vectors 
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B. SVPWM Control Strategy 

The general topology of a five-to-three-phase matrix converter is shown in Figure 15.24. It consists of 15 
bidirectional switches that allow any output phase to be connected to any input phase. As the converter 
is supplied by a voltage source, the input phases should never be short circuited, and because of the 
presence of inductive loads the output phases should not be interrupted. With these constraints, there are 
125 permitted switching combinations as described in the earlier section. However, only 65 of the active 
switching vectors can be considered for this matrix converter modulation technique, which are divided 
in three groups: 


Group 1: {3, 0, 0, 0, 0} consists of five vectors called zero vectors in which all the output phases are 
connected to the same input phase. 

Group 2: {2, 0, 1, 0, 0} consists of 30 vectors in which two output phases are connected to the same 
input phase and the other output phase is connected to a non-adjacent input phase. This can be seen in 
group 2 configuration in Figure 15.25. 

Group 3: {2, 1, 0, 0, 0} consists of 30 vectors in which, like group 2, two output phases are connected to 
the same input phase, but differs in that the remaining output phase is connected to an adjacent input 
phase. This can be seen in group 3 configuration in Figure 15.25. These vectors are called medium 
vectors. 


In the SVPWM control strategy for a five-to-three-phase matrix converter, only the switching states 
of categories 1 and 2 described in the earlier section are utilized. The switching states in category 3 are 
not used since the corresponding SSVs are rotating with time. Category 2 consists of medium and large 
vectors as defined earlier. 

The proposed space vector control strategy will use group 2 configuration of switching states along 
with the zero vectors of group 1, consisting of a total number of space vectors of 30 + 5 = 35. The input 
current SSVs and output voltage SSVs of each switching state are shown in Figures 15.26 and 15.27, 
respectively. 

For each combination, the input and output line voltages can be expressed in terms of space 
vectors as 


Vin = = (Vac + Vere’ + Voce! E + Vel Vae) 
=2 x2cos( Z) v,.e% = 4/10 +2V5V,, d 
“a 107 oY" 5 j 
= 0.7608 V,. e" (15.53) 


Input 

e 2@-@ 
2 
Input 


A B C A B Ç 
Output Output 
Group-2 Group-3 


Figure 15.25 Sample configuration of groups 2 and 3 [33] 
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Figure 15.26 Input current space vectors corresponding to the permitted switching combinations for group 2: 
{2, 0, 1, 0, 0} [33] 
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Figure 15.27 Output voltage space vectors corresponding to the permitted switching combinations for group 2: 
{2, 0, 1, 0, 0} [33] 
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20 Ar 
Vout = = (Van + Vac dF + Vod? ) 


x 2cos (Z) V ed = Zye (15.54) 
3 


where V; and V, are the input and output line-to-line voltages, respectively. V, and V, are input and 
output lines to neutral voltages, respectively. 
In the same way, space vectors of the input and output line currents are defined as 


-2m 4n 
Lt+hee +1 
T=. ( atie? Hi ) = 1, (15.55) 


i 6 8 
S\ HES + 1.5 
T= - (14 thet +e? ) = 10 (15.56) 


a; and a, are the phase angles of the input and the output voltage vector, respectively, whereas f, and f, 
are phase angles of the input and output current vector, respectively. 

The SVPWM algorithm firstly selects the appropriate switching states and secondly calculates the duty 
cycle for each selected switching state. During one switching period T, the switching states whose SSVs 
are adjacent to the desired output voltage (input current) vector should be selected, and the zero switching 
states are then applied to complete the switching period to provide the maximum output to input voltage 
transfer ratio. 

The aim of the proposed space vector control strategy is to generate the desired output voltage vector 
with the constraint of a unity input power factor. For this purpose, let A be the desired output line voltage 
space vector and V, be the input line voltage space vector at a given time. The input line to neutral voltage 


vector E, is defined by 
=> 1 — 


E,= —s ae (15.57) 
2 cos ( — ) 
10 
=> 

In order to obtain a unity input power factor, the direction of the input current space vector J; has to 

=> = . . . . 
be the same as that of E;. Assume that V, and J; are in sector | of the 6 possible sectors in output side 

= — 

and 10 possible sectors in the input side. In Figure 15.27, the vector configurations V! and V” represent 


> => 
the components of V, along the two adjacent vector directions. Similarly, 7; is resolved into components 


=> => 

I? and Į” along the two adjacent vector directions. The possible switching states that can be utilized to 
synthesize the resolved voltage and current components (assuming both input and output vectors are in 
sector 1) are as follows: 


= 
V? : +1, +2, +3, +4, +5 
=> 

V” : -6,-7,—-8, -9, -10 
> 

I : —4,—9,—14 

3 

I + +1,+6,+11 


The output voltage and input current vectors can be synthesized simultaneously by selecting the com- 
mon switching states of the output voltage components and input current components, those being +1, 
—4, —6 and +9. Two switching states with the same number but opposite signs have the corresponding 
voltage or current space vectors in opposite directions, and hence only one SSV should be used. SSVs 
with the positive signs are used to calculate the duty cycle of the switching state. If the duty cycle is 
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Table 15.4 Space vector choice for SVPWM in different sectors 


Sector no. of J; Sector no. of V, 

lor4 2or5 3 or 6 
lor6 +1, +4, +6, +9 +1,+4,+11,+14 +6, +9, +11, +14 
2or7 +2, +4, +7, +9 +2, +4, +12, +14 +7, +9, +12, +14 
3o0r8 +2, +5, +7, +10 +2, +5, +12, +15 +7, +10, +12, +15 
4or9 +3, +5, +8, +10 +3, +5, +13, +15 +8, +10, +13, +15 


5 or 10 +1, +3, +6, +8 +1, +3, +11, +13 +6, +8, +11, +13 


positive, the switching state with a positive sign is selected, otherwise the switching state with a negative 
sign is selected. The selection for switching states for implementing SVPWM can also be explained as 
follows: is 

Due to the small variation in input voltage during the switching cycle period, the desired V’ can be 
approximated by utilizing two switching configurations corresponding to five space vectors in the same 
direction of V} and one zero voltage configuration. 

Among the five possible switching configurations, the two SSVs with the highest voltage values corre- 
sponding to large vectors with the same sense of vi are chosen. In the same way, two different switching 
configurations and one zero voltage configuration are used to define vi. With reference to the example 


shown in Figures 15.26 and 15.27, the input voltage V, has a phase angle of 0 < a, < = In this case, 
the line voltages V,, and —V,, assume the highest values. Then, according to the switching table of 


large vectors, the configuration used to obtain vi are +1 and —4 and for vi are —6 and +9. These 
four configurations can also be utilized to determine the input current vector direction, as shown in 
Figure 15.26. These configurations are associated with the vector directions adjacent to the input current 
vector position. There are 60 switching combinations for the different sector combinations. These vector 
combinations are shown in Table 15.4. 

A balanced system of sinusoidal non-adjacent line voltages can be expressed as 


=> 


Ve = 0.7608 x |V;| cos(a;) 


i 


V,a = 0.7608 x [V, cos (a, = ==) 
V. = 0.7608 x |V,| cos (a, - =) (15.58) 


Va = 0.7608 x |V,| cos (a, + 


V., = 0.7608 x |V] cos (a, m ==) 


Applying the space vector modulation technique, the on-time ratio 6 of each configuration can be 
obtained by solving two systems of algebraic equations. 


= 
In particular, utilizing configurations +1, —4 to generate V/ and to set the input current vector direction, 
one can write 


6 XV, 67 XV, = Vi = Sivi. 4 „sin (Z +a) (15.59) 
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a) 


Pe, =P = |T |P. sin |= - 
1 A i i 10 


a 


8z Pii, =H = [E [P.sin| = + (a - =)| (15.60) 
ASRA Ti T i s 10 i 10 . 
where P = z x 2 cos (4) = Z 2(5+V5) | = 0.7608 
Equation (15.59) can be derived from Equation (15.58) as follows: 
V, 
5* x 0.7608. cos(a,) — 5; x 0.7608. cos (a + t2) = 3 Vol (=) „sin (2 +a ) 
1 1 5 5 — V3 6 o 
[Vil 3 
zi _ 4r ME a 
Or, öf cos(a;) — 6; cos (a, + =) = qx 0.9106 x sin (Z +a,) (15.61) 
where g = Zi = modulation index or voltage transfer ratio. 
Combining Equations (15.60) and (15.61) gives 
Bf cos (a - Z) =i; cos (a, + =) =0 (15.62) 


The solution of the transcendental Equations (15.61) and (15.62) gives 
öt = qx 1.549 x sin ( Z + a,) -cos (= +a;) (15.63) 


5; = qx 1.549 x sin ( Z + a) .cos (a,- Z) (15.64) 


an 
With the same procedure, utilizing the configurations —6, +9 to generate V” and to set the input current 
vector direction yields 


85 = qx 1.549 x sin ( Z — a,) .cos (= +a;) (15.65) 
8j = qx 1.549 x sin ( Z — a, ) -cos (a,- 5) (15.66) 


The results obtained are valid for — 7/6 < a, < 7/6 and 0 < a, < 7/5. 

Applying a similar procedure for the other possible pairs of angular sectors, the required switching 
configurations and the on-time ratio of each configuration can be determined. 

Note that the values of the on-time ratios should be greater than zero, as required for the feasibility of the 
control strategy. Furthermore, the sum of the ratios must be lower than unity. By adding Equation (15.63) 
to Equation (15.66), with the constraint 


ôt +6, +65 +ô <1 
the maximum value of the voltage transfer ratio can be determined as g = 1.0444 or 104.44%. 


C. Generalized Maximum Output of Three-to-n-Phase Matrix Converter 

The generalization for the maximum possible output of the space vector PWM algorithm for an n-phase 
input to three-phase output matrix converter can be calculated. The input contain 2n sectors and the output 
consists of six sectors for the n-phase input and three-phase output configuration of a matrix converter 
when represented using a space vector diagram. After detailed trigonometric analysis, the on-time duty 
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ratios are obtained for the period — 7/6 < a, < 7/6 and 0 < a; < 7/n as 


gy = qx kx sin (Z +a) cos ( ZPE + a, ) (15.67) 
z = axkxsin (Z +a, ) .cos (a, - Z) (15.68) 
a= axkxsin (Z —a,) cos (S52 + a, ) (15.69) 
Si = qx kxsin (F —a, ) cos (a, - Z) (15.70) 


V3 


where k = -Nna 
2xsin z XCOS 5, 


Applying a similar procedure for the other possible pairs of angular sectors, the required switching 
configurations and the on-time ratio of different sector configurations can be determined. By adding 
Equation (15.67) to Equation (15.70), with the constraints as in the earlier section, the sum of the on-time 


ratios for the general case becomes 
ôt +6, +65, + 5%, <1 (15.71) 


The maximum value of the voltage transfer ratio for n-to-three-phase matrix converter can be 


determined as e 
2 x cos? (=) 
2n 


v3 


The maximum modulation indexes for different configurations of an n-to-three-phase matrix converter 
are displayed in Table 15.5. 


ee (15.72) 


Table 15.5 Maximum modulation index formulation 


Matrix converter Maximum output to input Maximum modulation 
configuration (n x 3) voltage formula index (%) 


2 x cos? (Z) 
— 6 


3x3 86.66 
V3 
2 * cos? (=) 
5x3 10 104.44 
V3 
2 x cos? (4) 
6x3 — m 107.74 
v3 
2 x cos? (=) 
7x3 109.76 
V3 
2 * cos? (4) 
9x3 i 111.99 
V3 
2 * cos? (=) 
11x3 113.13 
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It is observed that the gain in the output voltage increases with an increase in the number of input 
phases. 


15.5 Sample Results 


A Matlab/Simulink model can be used for the matrix converter using both carrier-based and space vector 
control to verify the operation [31, 33]. The operation of a five-to-three-phase matrix converter is shown 
for different input voltages and frequencies (considering a variable speed generator) for a fixed output 
voltage and frequency applicable for grid application. The output duty ratios and the output voltage 
spectrum for the carrier-based PWM technique are shown in Figures 15.28 and 15.29, respectively. 
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Figure 15.28 Output duty ratios [31] 
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Figure 15.29 Spectrum of output voltages [31] 
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The view of the input and output voltages is shown in Figure 15.30 for this scheme. Initially, the input 
voltage is kept at 100 V peak with a frequency of 50 Hz to show the exact gain at the output side in 
the case of the SVPWM technique. The matrix converter with input phase number greater than output 
phase number can be operated in buck or boost mode, depending on the source-side voltage magnitude. 
The switching frequency of the devices is held at 6 kHz for simulation purposes. The maximum output 


Input five phases (V) 


Output phase A(V) 


0.05 0.1 0.15 0.2 
Time (s) 


Figure 15.30 Input five-phase voltages with output phase “A” voltage [33] 


Figure 15.31 Output phase voltage (100 V, 20 ms/div) and phase current: (5 A, 20 ms/div) [33] 


Figure 15.32 Input side five-phase voltages (50 V, 20 ms/div) (four voltages shown due to oscilloscope channel 
restriction) 
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voltage for a 100 V input is 104.4 V. The input voltage is increased by 110 V with 55 Hz frequency at 
0.1 s, keeping the output voltage and frequency constant. The RL load connected to the matrix converter 
has values R= 10 and L=30mH. The input voltages along with the output “A” phase voltage are 
depicted in this figure. The experimental results are shown in Figures 15.31 and 15.32. 
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16.1 Introduction 


In most industrial and domestic applications, the electrical source is a single-phase alternative appli- 
cation. In this perspective, and more especially in the power supply and telecommunications fields, 
single-phase rectifiers represent nowadays one of the major equipments used for electrical energy con- 
version. Due to their inherent nonlinearity, these electronic interfaces generally cause power quality 
degradation, which is materialized by the creation of undesirable current and, consequently, voltage 
harmonics into the mains. 

The presence of such harmonics may increase the losses in the power flow network and cause 
over-voltages in some parts of it. Furthermore, high-order harmonics may induce the electro-magnetic 
interference (EMI) phenomenon that could disturb the operation of electronic equipment located nearby. 
In order to avoid these problems and thus increase the reliability and efficiency of the power network, 
these power electronics devices should comply with international standards [1—8]. This can be achieved 
by integrating power factor correction (PFC) circuits or preregulators into the basic rectifier topology, 
in order to emulate a purely resistive operation and to ensure a near-unity power factor at the front end 
[9-11]. Single-stage high-power factor rectifiers are discussed in [12—14]. Although they ensure good 
performance in terms of source current total harmonic distortion (THD), DC output voltage regulation 
and robustness with respect to a load or mains voltage disturbance, these converters are characterized 
by a high number of high-switching-frequency power semiconductors, leading to a reduced efficiency, 
a relatively high control complexity, implementation of which generally requires gate isolation and 
blanking-time programming, and low robustness to control defects [15]. These drawbacks are avoided in 
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the two-stage topologies where a classical four-diode bridge is connected in series with a switch-mode 
DC/DC high-switching-frequency converter. The diode bridge ensures the rectifying process, whereas 
the role of the DC/DC converter is to modulate the DC current on the bridge output so as to retrieve 
a practically sine wave current from the grid. Three types of two-stage rectifiers may exist. Buck 
[16] and some of the buck—boost [17] rectifiers generally operate in a discontinuous mode. They are 
therefore characterized by a high harmonic level, and thus need a high filtering effort on the AC side. 
Other buck—boost preregulators, such as the cascaded boost—buck [18], the Ctk [19—22], the SEPIC 
[22-37] and the Sheppard—Taylor topologies [38-52], have an inductive input side that ensures smooth 
variation of the source current, but this benefit comes at the expense of double the number of inductors 
and capacitors. 

Boost-type PFCs are the most widely used topologies in single-phase high-power factor rectifiers. 
This is mainly due to the reduced number of high-frequency switches and the smooth behavior of the 
rectifier input current. The basic boost converter, which is discussed in Section 16.2, is the most popular 
in such applications [53-59]; however, its main drawback remains the control detuning phenomenon 
that it presents at the zero-crossings of the source voltage, which increases the source current distortion 
and limits the performance of this type of PFC. To overcome this problem, a two-switch asymmetric 
half-bridge converter [60—62] is introduced and studied in Section 16.3. In addition, in order to reduce the 
power losses when operating at high-switching frequencies, the interleaved dual-boost converter could 
be employed [63-77]. This highly efficient topology is presented in Section 16.4. 

On the other hand, reliable numerical models for power converters are increasingly required for both 
academic and industrial purposes. The aim is to elaborate highly precise mathematical representations of 
widely used converters. The usefulness of such virtual models could be emphasized in several aspects. 
Specifically, they allow, first, a systematic design of well-tuned control systems that improve the time 
response of the converter; second, a pre-evaluation of the operating regime, as well as the analysis of the 
static and dynamic performances of the converter; third, a better selection of the system parameters and 
components; fourth, fast simulations, which makes these models suitable for real-time applications such 
as the hardware-in-the-loop (HIL) technique widely used in the industry to test hardware controllers 
before being integrated into the real plants [78]; and fifth, the avoidance of the elaboration of a real 
laboratory prototype, which can be costly and consuming in terms of time and effort. Several modeling 
techniques for switch-mode converters exist in the literature [79-95]; however, the state-space averaging 
method appears as the simplest and the most adapted method to the control design process. 

In this chapter, a single-switch basic boost, a two-switch asymmetric half-bridge boost and an inter- 
leaved dual-boost topology are studied, respectively. The averaged model for the first two topologies has 
been developed, and the same methodology can be systematically applied for the third topology. On the 
basis of the obtained models, control algorithms were then designed and implemented. The reported sim- 
ulation or experimental results show the effectiveness of these converters connected to their respective 
control systems and validate the theoretical issues made out through the chapter. 


16.2 Basic Boost PFC 
16.2.1 Converter’s Topology and Averaged Model 


The converter’s topology is depicted in Figure 16.1. A single-phase diode bridge is connected in cascade 
with a typical boost DC/DC converter. The converter operates in a continuous current mode (CCM) dur- 
ing almost the entire mains cycle (except in very limited local regions surrounding the zero-crossings of 
the source voltage), and therefore slow-recovery diodes could be used in the AC-side stage of the rectifier. 
The controlled switch Q is generally a MOSFET and the boost-diode D should be a fast-recovery diode. 
Switch Q is controlled using the pulse-width modulation (PWM) technique, ensuring a fixed-switching 
frequency imposed by the modulation carrier. The duty cycle of Q is adjusted so that the power factor 
becomes unity and the DC output voltage is stabilized around a desired value with a negligible ripple. 
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Id : 


Figure 16.1 Single-phase boost PFC rectifier 


In CCM, the basic boost converter has two configurations, as illustrated in Figure 16.2. The electrical 
equations of the converter can thus be stated as follows: 


di. 
w= L T + (1 = so) vo (16.1a) 
v dv 
l-s,)ji = Apa 16.1b 
(= SQ) ty R, or ( ) 


where v;, denotes the rectified source voltage at the DC side of the diode bridge, v, is the output voltage, 

Ìn is the current in inductor L, Ry is the DC load and sq is the switching function of Q, defined as 
O when Q is turned off 

Sq = { Q (16.2) 


1 when Q is turned on 


The current waveform over one switching cycle, as illustrated in Figure 16.3a, shows its ability 
to track any reference i*, assuming that the following two assumptions are satisfied over the entire 
mains cycle: 


Vo > Vin (16.3) 

and 
din dig 16.4 
dt dt deh 


Unfortunately, for this topology, assumption Equation (16.4) is not totally satisfied. In fact, near the 
zero-crossings of the AC source voltage where v,,, has very small values, the current i, grows slowly when 
Q is on and will be able to reach its reference only after a relatively large period of time, as described in 
Figure 16.3b. The tracking disability, which occurs only twice in an operation cycle, is called the control 
detuning phenomenon. It is characterized by the detuning angle that can be expressed as 


6 = 2tan- (= ) (16.5) 
pA 


where ?, and i, denote the peak values of the source voltage and current, respectively and @, is the main 
angular frequency. 
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(b) 


Figure 16.2 Basic boost configurations: (a) when Q is turned on and (b) when Q is switched off 


Detuning angle 


(a) (b) 


Figure 16.3 (a) Current waveform during one switching cycle and (b) the control detuning phenomenon 


The application of the averaging technique to system Equation (16.1) yields the following nonlinear 
state representation of the converter [56, 57]: 


di. 
v,=L + (1-d) vy (16.6a) 


dv, 


— 16. 
7 (16.6b) 


. Vo 
ial al 
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where d represents the duty cycle of the switch Q. Equation (16.6) represents, thus, a single-input 
two-output system, having d as the control input and i,, and vy as the output variables. The input voltage 
v;, 18 considered, in a control point of view, as a disturbance signal. 


16.2.2 Steady-State Analysis 


In the steady-state desired regime, the input current i,, has a rectified sine wave shape (similar to v,,), 
whereas the output voltage vo is fixed at a desired value v. Replacing these expressions into Equation 
(16.6a) yields theoretically: 


A 


DA 
1- —— sin (@pt — p) if 0<@t< r 
Vy cos p 
d‘(t)= (16.7) 
P 
——— sin(@t- p) if m<@ot<2n 
vö cos p 


where d’ is the desired instantaneous value of the duty cycle and 


Lavi. 
ọ = tan! ($) = ô (16.8) 
P 2 


s 


Figure 16.4 shows clearly the control saturation phenomenon. Its angular duration is equal to @. In 
order to reduce this time interval, the value of the inductor L must be limited. On the other hand, by 
using Equation (16.7) into Equation (16.6b), we obtain the following approximated expression of the 
output voltage ripple: 


A 


Avy \* T 
( 2) s (16.9) 
Vo 2C v COS P 


which is useful for the design of the output capacitor, given a maximum value for the voltage ripple. 


u 


N 


16.2.3 Control Circuit 


The control circuit associated with the converter is presented in Figure 16.5. The date signal of switch Q 
is delivered by a PWM generator comparing the current control signal v ;, given by the current regulator, 
with a saw-tooth carrier. The frequency of the carrier is chosen with respect to the operating limits. A 
multiplier/divider block is used for the generation of the current reference waveform. It executes the 
following relationship [55]: 

Rup KiacVin ey — 1.5) 


in,ref — 2 2 
Kins V; 


in 


(16.10) 


Control 
saturation 


Figure 16.4 Control saturation 
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Figure 16.5 Control circuit for the basic boost preregulator [56] 
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v, denotes the voltage control signal and V,,, is the mean value of the rectified input voltage v;„, which 
is obtained through a second-order low-pass filter characterized by the following transfer function: 
S 
(aa) 


Finally, K, and K, are the feedback gains of the inner current loop and outer voltage loop, respectively, 
and R represents the equivalent impedance of the current sensor. 


sense 


F(s) = (16.11) 


16.2.4 Linear Control Design 
16.2.4.1 Small-Signal Modeling 


In this section, linear regulators for both the current inner loop and the outer voltage loop are designed on 
the basis of a small-signal model of the converter, expressed in the frequency domain. According to [56], 
such a model is represented by the block diagram of Figure 16.6. The corresponding transfer functions 
are expressed as follows: 


1+ = 
Gals) = Gyio- ea oe (16.12) 
1 4 pdi + x 
pdi di 
l z 
G, ($) = Givo a (16.13) 
1+ — 
piv 
1+ T 
G.,(s) = G9 © —=-—— 16.14 
pil) pid 1+ Enpis + ES ( ) 
ppi Opi 
1 
Gpl) = Gora * Ta (16.15) 
ppv 
where 
2 Vo R — D) 1 1 
Gaio = RA- D?’ ivo = ~z Ypo = Rd — Dp 2 = 20 —D) 
0 0 
2 2 R - D}? 
Dri = “Mzpi = Opiy = Oppv = 0y = — F 
d p pi pp RCo L 


@ = 0 sd bg =6 ae fa 
pdi = m JEO mi i 2R =D) ¥ C, 


Note that v;,,_, In~» Yo. and d_ represent, respectively, the small-signal components of vin, iin» Vo and d, 
whereas V and D are the respective static values of v) and d. 


16.2.4.2 Design of the Linear Regulators 


in the block diagram of the control system is 
conformed to Figure 16.7, where the PWM comparator and the multiplier/divider block are replaced 
by their respective small-signal gains Kpyy, and Kup- The current regulator is designed in order to (i) 


By neglecting the presence of the perturbation signal v, 
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Figure 16.7 Linear control scheme for the basic boost preregulator 


ensure closed-loop stability, (ii) compensate the high-frequency components in the controlled current 
and (iii) reduce significantly the dynamic error in the low-frequency region. Meanwhile, the voltage 
regulator is elaborated on the basis of an optimizing criterion: the closed-loop transfer function is set to 
be a second-order low-pass filter with a damping factor equal to 0.707. Under these considerations, the 
regulators are chosen as follows: 


1+ - 
Hs) = Ky, —— = (16.16) 
s (1+ Z ) 
@pHi 
1+ — 
H,(s) = Ky * ——"~ (16.17) 


s (1 +— ) 
@pHv 


The numerical values of all the control system’s parameters that were adopted for the simulations are 
as follows: 


Rated load power P) = 500 W 

Mains voltage RMS—value V,, = 120 V 
Desired output voltage vy =410 V 
Mains frequency fy = 60 Hz 

Switching frequency f = 250 kHz 

DC inductor L = 200 nH 

DC output capacitor Cy = 440 uF 

Line equivalent impedance L, = 30 yH 
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Input voltage and line current DC output voltage 
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Figure 16.8 (a, b) Steady-state waveforms of the line current and the output voltage 


AC input capacitor C, = 1 uF 

PWM comparator dynamic gain Kpwy = 0.181 V7! 
Multiplier/divider parameters Rup = 3300 Q, K; ac = 1.28 US, Kns 
Current sensor equivalent impedance Rense =0.1Q 

Current loop feedback gain K; = 1 

Voltage loop feedback gain K, = 3/410 

Inner regulator parameters Kp; = 1880 krd/s, œp; = 100z krd/s, œ y; = 250z krd/s 
Outer regulator parameters Kyy = 190 rd/s, @,4, = 13.52 rd/s, @ pyy = 407 rd/s 


= 1/51, Kup =0.1 


16.2.5 Simulation Results 


In order to evaluate the performance of the considered control scheme, numerical simulations are car- 
ried out using a digital version of the converter implemented in Matlab/Simulink. The performance is 
analyzed in both steady-state and transient regimes. A first-order low-pass filter is added in order to 
reduce the switching-frequency components in the input voltage v,,. The maximum value of the duty 
cycle d is limited at 0.94 through a saturation block. Figures 16.8—16.10 illustrate the simulated behav- 
ior of the converter using the linear control scheme. A current THD of 9.38% is obtained in the nominal 
steady-state regime. The output voltage tends to stabilize around its desired value, with a 2% ripple, even 
when a set-point offset or a load disturbance is applied. 


16.3 Half-Bridge Asymmetric Boost PFC 


In this section, a two-switch asymmetric half-bridge boost-type PFC is used to improve the power fac- 
tor at the input side of a single-phase diode rectifier. The topology of the converter is presented in 
Figure 16.11. The pair of synchronized switches Q, and Q, is controlled in order to achieve perfect 
current tracking at the AC source and voltage regulation across the DC load. In this perspective, three 
PWM control strategies for the two-switch asymmetric half-bridge boost-type PFC are proposed and 
compared. The first control scheme employs a simple hysteretic-based current controller, whereas the 
two other carrier-based schemes use, respectively, a conventional proportional-integral (PI) current reg- 
ulator and a model nonlinearity compensating controller. These two last control schemes are designed 
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Figure 16.9 (a, b) Tracking performance 
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Figure 16.10 (a, b) Regulation performance 
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Figure 16.11 Two-switch asymmetric half-bridge boost PFC 
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Figure 16.12 Operating sequences in CCM/CVM: electrical configuration when Q, and Q, are turned on (a) or 
turned off (b) 


on the basis of a state-space averaged model of the converter. The performance of the proposed control 
schemes is then analyzed through numerical simulations on Matlab/Simulink, and a comparative evalua- 
tion is presented in terms of source current THD, input power factor and DC-voltage regulation following 
start-up. 


16.3.1  CCM/CVM Operation and Average Modeling of the Converter 


The operating sequences of the converter in the most common case of a CCM in the input inductor L and 
a continuous voltage mode (CVM) in the output capacitor C, are illustrated in Figure 16.12. The circuit 
has two configurations depending on the state of the main switches Q, and Q,. The waveforms of the sys- 
tem’s variables over a switching cycle are illustrated in Figure 16.13, where sg represents the gate signal 
common to Q, and Q,. To ensure periodicity, the output voltage should always be set to a value higher 
than the input voltage. It is worth noting, at this stage, that at the zero-crossings of the input voltage and 
the input current slopes at the switch-on or switch-off of Q, and Q, are non-zero, and therefore the detun- 
ing problem from which the conventional boost PFC suffers is avoided in this case. This is considered 
as the main benefit of the proposed topology compared to that of the conventionally used topology. 

Moreover, the switching frequency of switches Q, and Q, is either time-varying (if a hysteretic flip-flop 
controller is used for the line current shaping) or fixed (if a saw-tooth carrier-based pulse-width mod- 
ulator is used along with a continuous current controller). However, it will be assumed in both cases, 
especially as far as the calculation of the reactive components L and C, is concerned, that the lowest 
switching frequency is far beyond the bandwidth of the current and voltage loops. Consequently, a sim- 
plified averaged model of the converter may be used in order to analyze the low-frequency operation of 
the converter in the steady-state regime and thus to choose the required reactive components. 

In average mode, the state representation of the converter in the CCM/CVM case is expressed as 
follows: . 

din 

dt = Vin ~ a z 2d) i Vout 


(16.18) 


dvou . . 
Co iF = (1 = 2d) + iin = iou 


where d(t) denotes the common duty cycle of switches Q, and Q,. 
In the desired regime where v,,, and i,,, follow rectified sine waves and v 
duty cycle would be 


out LS practically constant, the 


1 . l 
Se t- f 0<@t< 
; J Dw T sın (a o) 1 Lt IT 
d*(t) = L (16.19) 
Vin 


1 ; 
= + ———— _ sin(@pt — if t<@,t <2 
2 Wout COS P te) : 
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Figure 16.13 Waveforms over a switching period 


and the control saturation problem, which was inevitable for the basic boost topology, can be avoided in 


this case if v,,,, is maintained greater than 1, / cos @, P, being the peak value of vj,- 


16.3.2 Small-Signal Averaged Model and Transfer Functions 


For the design of a linear control system based on PI regulators, a small-signal model of the converter 
is required. This is obtained by a linearizing system (Equation 16.18) around the static operating point 
defined by 


+ Vin 1 Vin 
Vout = = eT 
1-2D* 1-2D* «4 
lim Vout 
P= = (16.20) 


in 1—2D* — R1- 2D*) 


Note that in a static operation, the duty cycle is always limited between 0 and 0.5, whereas in a dynamic 
regime, it can vary theoretically between 0 and 1. 
The linearization process yields 


d[Ai,]_ fai 
a Fd =A he |+» Ad +P- Av, (16.21) 


out 
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with F Ve 
0 a 1 — T l 
A=|i-2> 1 pea] oe pP5 T 

Co RCo 7 Co 


where Ry = Vout/iou designates the DC load. In Equation (16.21), A defines the state matrix, B the input 
matrix and P the disturbance matrix. In addition, for any state variable z € {i,,, V,,,}, Az denotes its 
assumed small variation around its static value Z“, that is, Az = z — Z*. The frequency-domain represen- 
tation of the converter is obtained by applying the Laplace transform to the state Equations (16.21). It 
yields 

X(s) = (sL — A)"'B - D(s) + (sL — A)'P - V, (s) (16.22) 


where I, denotes the 2-by-2 identity matrix, s is the Laplace operator, X(s) = [J,,,(s), Vin D(s) and 
V,,(8) are the Laplace transforms of the state vector [Ai,,, Av,,,]”, the control input Ad and the disturbance 


in? 


input Av.,, respectively. The development of expression (16.22) leads to the following input-output 


in? 


transfer functions: 


La (8) 2 Voit s +œ 
iin dS) = = (16.23.a) 
= D(s) [v =0 L s? + pS + o, 
V (s 2 V* S-@O. 

n as) = = T 2 u z (16.23.b) 

out DCs) [v =0 RoC)(1 — 2D*) s2+ OS + O 

with 5 
2 R — 2D*) 1 1- 2D* 
oO = V7 = — pt = >On = 
RCo L RCo VLC, 


It is on the basis of these transfer functions that the linear control scheme, which ensures unity power 
factor at the source, as well as voltage stabilization at the DC bus, will be designed. 

Similarly, the disturbance transfer functions can also be derived from Equation (16.22) and are obtained 
as follows: 


L) 1 sta, 
mo =75 ; (16.24a) 
aai 2 ++0S tO 

Vis — 2D* 

FS aD] 1-20, S (16.24b) 
out-Vin Vin) fpo LC, SHOSHO 
where 
a! =o,, = l 
zl pl RCo 


16.3.3 Control System Design 


The control circuit is depicted in Figure 16.14a. It consists of two successive loops: the inner or current 
loop is designed to ensure the wave shaping of the DC input current i, and, consequently, the improve- 
ment of the input power factor, while the outer or voltage loop is intended to regulate the DC load voltage 
Vout and to stabilize it around a desired set point. 

The inner controller would be either a hysteretic flip-flop, a carrier-based linear regulator, or a 
carrier-based nonlinearity compensation controller designed on the basis of the input—output feedback 
linearization technique. The outer controller is a linear PI controller represented by the transfer function 
H,(s). K,;, Ky) and K, are scaling factors for the current and voltage loops, respectively. To ensure high 


stability of the control system, the outer loop is designed to be sufficiently slower than the inner loop. 
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Figure 16.14 (a) Control system with different control strategies for the inner loop, (b) hysteretic control, (c) 
carrier-based linear control and (d) carrier-based nonlinearity compensating control [97] 
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In addition, in order to emulate a pure resistor behavior, the current reference must have the same 
shape as the rectified source voltage v,,, with an adjustable magnitude. An analog multiplier is used for 
this purpose. Furthermore, in order to avoid the distortion of the current reference, the voltage control 
signal u, should be harmonic-free. This can be achieved adequately either by tuning the outer regulator, 
which will have the additional task of filtering the 120 Hz component (at twice the mains frequency) 
in the output DC voltage v w or by inserting a suitable second-order low-pass filter, represented by the 


transfer function F(s), in the voltage feedback path. 


16.3.3.1 Hysteretic Control 


In this first case, the inner controller is a hysteretic flip-flop with a 1.5 A width, as illustrated in 
Figure 16.14b. The current width is calculated in order to get a maximum switching frequency near 
50 kHz all over a main cycle. This would allow a convenient comparison with the other carrier-based 
control strategies, where the switching frequency is fixed at 50 kHz. 

Despite its simplicity of implementation and robustness to disturbances, this control strategy suffers 
mainly from a time-varying switching frequency, rendering the whole system less reliable in the event 
of parameters’ variations and increasing the filtering effort because of a more distributed harmonics in 
the current spectrum. 


16.3.3.2 Carrier-Based Linear Control 


In this second case, the inner controller is a linear PI regulator, represented by the transfer function H,(s), 
as illustrated in Figure 16.14c. The parameters of both inner and outer regulators are calculated using the 
lead-lag compensation method on the basis of the transfer functions established in the previous section. 
They are chosen in order to ensure high dynamic performance in the system bandwidth. Having in mind 
that the current loop is in fact embedded into the voltage loop, the design of the outer regulator will 
thus make use of the following open-loop transfer function that takes account of the presence of the 
inner loop: 


6 age 2") 2 (16.25) 
Youtsdin T EO) |g a ~  K,Ry\C\1-2D*) st+o,, i 


The inner control signal u; given by the current regulator is compared to a saw-tooth carrier in order 
to generate a fixed-frequency PWM gate signal for the pair of switches. 

Despite its relatively good performance in terms of regulation and reliability, this control approach 
disregards the nonlinear aspect of the converter and, hence, cannot match the required dynamics in the 
case of large set-point offsets. 


16.3.3.3 Carrier-Based Nonlinearity Compensating Control 


In the third case, the inner controller is a nonlinear controller. It is designed on the basis of the single-input 
single-output (SISO) input/output feedback linearization principles in order to achieve nonlinearity com- 
pensation of the inner subsystem. A nonlinear block, represented in Figure 16.14d by T, is thus used 
in order to transform the inner subsystem model (which is originally nonlinear) into a linear canonical 
model. This would simplify considerably the design of the inner regulator. The control signal u, generated 
by the nonlinear block is then compared with a saw-tooth carrier in order to generate a fixed-frequency 
PWM gate signal for the pair of switches. The outer controller is still a linear PI controller. 

System (Equation 16.18) has a relative degree of 1. Thus, the derivation of the inner control law is 
based on the first equation in (Equation 16.18). It yields 


Al uj Lv; — Vin + Vout 
d=—(1+ = n't (16.26) 
2v 


out 
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where u; denotes the output of the inner controller, v; is the new control input of the linearized inner 
subsystem and Ŷpwy is the peak value of the saw-tooth modulation signal. Replacing Equation (16.26) 
into model Equation (16.18) gives the following canonical form of the inner subsystem: 


din (16.27) 
y3 : 
For the tracking problem at hand, we may choose the following control law: 
di* 
v = T -ki-i ) with k>0 (16.28) 
The internal dynamics, which are characterized by a first-order subsystem: 
do? R) y t 
E y ft =2 16.29 
0 dt Vin din Ry ( ) 


are stable, having a bounded solution. 


16.3.4. Numerical Implementation and Simulation Results 


In order to highlight the performance of the two-switch asymmetric half-bridge boost converter in 
PFC applications, a virtual version of the control system of Figure 16.14a has been implemented using 
Matlab/Simulink. The numerical values of the structural parameters and operating conditions are listed, 
which are as follows: 


Mains voltage RMS—value V; = 120 V 
Rated load power P u = 1 KW 

Voltage reference V w =250 V 

Mains frequency fy = 60 Hz 

Carrier frequency fg = 50 kHz 

Carrier peak value Ppyy= 1 V 

DC inductor L= 1 mH 

Series inductor resistance R, = 0.1 Q 
DC capacitor Cy) = 1 mF 

Feedback scaling factors K, = 1 Q, K = 0.05 
Feedforward scaling factor K, =0.05 
Hysteretic width h=1.25A 


s 


Inner current PI controller H;(s) = 15 =’: 


Inner nonlinear control parameter k = 30000 


Outer voltage PI controller H,(s) = 20 L 


od - 
2 
1+ ¥s+(4) 


Voltage filter F (s) = 
300 


The converter is implemented according to its switching-function-based model [62]. The simulations 
are carried out using a fixed-step ode5 (Dormand-Prince) solver. The step size is 1 us. The results obtained 
for a 1 kW load are given in Figures 16.15—16.17 for the hysteretic, carried-based linear and carrier-based 
nonlinearity compensating control schemes, respectively. 

Table 16.1 compares the major characteristics of the proposed control algorithms, namely the line cur- 
rent THD, the input power factor, the maximum switching frequency, the high-frequency current ripple 
near the positive and negative peaks of the source current, and the DC output voltage ripple at 120 Hz. 
It is found that the carrier-based control schemes exhibit slightly better steady-state performance than 
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Figure 16.15 Simulation results given by the hysteretic-based control system at a rated load: steady-state waveforms 
of (a) the source voltage (v,) and the source current (i,), (b) the current in the input inductor (i) and (c) transient 
waveform of the voltage across the output capacitor (v u) following a start-up [97] 


the hysteretic-based performance in terms of source current THD and input power factor. As for the 
carrier-based control systems, the control input generated by the nonlinearity compensating controller 
(see Figure 16.17c) lies within the saturation limits and presents relatively small high-frequency fluctua- 
tions, unlike the fluctuations given by the conventional PI regulator (see Figure 16.16c). In addition, these 
figures show that, in all three cases, i,, and v,,, are always positive, which justifies the assumption of a 


CCM/CVM operation made previously. Note finally that in all three control cases, the control detuning 
problem, from which the conventional Boost PFC suffers, does not exist. 


16.4 Interleaved Dual-Boost PFC 


In order to increase the efficiency and power density of boost PFCs, and to help reduce the EMI level 
injected into the utility line, interleaved technology has been proposed [63—67] as a serious candidate 
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Inner controller output u; Voltage across the output capacitor (V) 
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Figure 16.16 Simulation results given by the linear control system at rated load: steady-state waveforms of (a) the 
source voltage (v,) and the source current (i,), (b) the current in the input inductor (i), (C) the inner controller output 
(u;) and (d) transient waveform of the voltage across the output capacitor (v,,,,) following a start-up [97] 


Table 16.1 Comparative performance evaluation of the control systems applied to the two-switch 
asymmetric half-bridge boost PFC 


Performance characteristics Hysteretic control Linear control Nonlinear control 
Line current THD (%) 9.2 9 8.6 

Input power factor 0.9958 0.9959 0.9962 
Maximum switching frequency (kHz) 50 50 50 

Current ripple (%) 10.6 10.9 10.4 

Output voltage ripple (%) 4 4 4 


to overcome all the drawbacks found in a single device AC/DC boost preregulator topology. These 
drawbacks are the emission level of harmonics at the switching frequency of the device, and the level 
of EMI that propagate into the line side; furthermore, efficiency increase in the conversion stage is also 
one of the key factors. To help achieve these goals, different techniques have been proposed. Two-switch 
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Figure 16.17 Simulation results given by the nonlinearity compensating control system at rated load: steady-state 
waveforms of (a) the source voltage (v,) and the source current (i,), (b) the current in the input inductor (i), (c) the 
inner controller output (u;) and (d) transient waveform of the voltage across the output capacitor (v,,,) following a 
start-up [97] 


out 


passive and active shaping techniques have been studied over the years [68-74], with the accent on 
topology and on the use of a very simple controller. The initial results yielded an increase in the power 
density, reducing the level of emission at low frequencies while increasing slightly the efficiency of 
the power conversion unit. Moreover, the size of the energy storage bulky inductor that is used for the 
boost stage can be reduced by using a high-frequency stage, assuming the shaping of the current created 
by the low-frequency switch. This active technique exhibits the same advantages obtained using pas- 
sive/active harmonic filtering using active devices instead of passive devices, technology largely used 
for power network depollution [75]. Despite their acceptable cost, passive components are bulky, sen- 
sitive to line impedance changes and inflict more difficult control on the converter. On the contrary, the 
use of active devices permits us to obtain good tracking and regulation, which result in a system that is 
more robust toward line perturbations. PFC interleaved converters are connected to the AC main; they 
generate two types of harmonics. Low-frequency harmonics in the range of a kilohertz are generated 
at the multiple frequencies of the low-frequency switch Q,;, operation. High-frequency harmonics in 
the range of hundreds of kilohertz are generated at the multiples of high-frequency switch Quy oper- 
ation. The low frequencies fall within the IEEE-519 regulation that defines the shape of the current 


522 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


High-frequency boost 


Vo 


il+ 


Low-frequency boost 


Figure 16.18 Topology of the dual-boost PFC-based single-phase rectifier [77] 


injected into the network, whereas the high frequencies fall under the conducted EMI regulation IEC 
61000-2, which defines the spikes and edges of the line current and the permitted level of emission. 
Both continuous and discontinuous conduction modes of operation for single phase as well as three-phase 
topology have been evaluated [71, 72], but the modeling and control technique for the interleaved con- 
verters are still being worked on. Simple control using flip-flops has been extensively used for these 
topologies [68, 70, 74]. In this section, the development of a model-based fixed-switching-frequency 
control system and its validation on a 1 kW prototype of interleaved single-phase boost converters are 
presented. 

The topology under study [68] has two main switches Qur and Q, p operating at different frequencies. 
The main switch assumes the control of up to 90% of the energy transferred to the load and operating 
at 5kHz. The low-rated switch operates at a high frequency of 50 kHz, contributes up to 10% of the 
rated power, and permits the cancelation of the harmonics generated by the low-frequency switch Q; p- 
The low-frequency switch operates in continuous conduction mode, whereas the high-frequency switch 
operates in discontinuous mode. 


16.4.1 Converter Topology 


The single-phase interleaved dual-boost PFC rectifier is presented in Figure 16.18. It consists of 


e a diode bridge that ensures the AC-to-DC conversion 

e ahigh-rated low-frequency typical boost topology that ensures mainly line current wave shaping by 
modulating the current i,, in inductor L, and control of the power transmitted to the load 

e alow-rated high-frequency boost converter, which is intended to compensate the high-order harmonics 
in the input current i,,, by modulating the low-frequency ripple of i,,. 


A pure resistive load R) is connected across the DC-bus capacitor filter C}. Furthermore, the 
low-frequency Q, p and high-frequency Qur switches are controlled synchronously at multiple frequen- 
cies and the switch-on of Q, p coincides with a switch-on of Qur. Denoting by fap and fi p the switching 
frequencies of Qur and Q; p, respectively, we thus have 


tur =™-fip with mEN and m>>1 (16.30) 
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Figure 16.19 Configurations of the PFC when Qyp and Q} p are both on and (a) O< iz < iz}, (b) O< iz; <i, and 
(C) ip <0 <i, 


16.4.2 Operation Sequences 


As the PFC has two switches, four different configurations are possible: 


16.4.2.1 Case 1: Qp Is on and Q; p Is on 


When both switches Qur and Qp are turned on, the configuration of the PFC becomes as described in 
Figure 16.19. If the input inductor current i,, (which is always positive) is greater than i,,, and i,, is 
greater than zero, the following equations can be written (Figure 16.19a): 


di 
L =v, >0 


dira o 

2 dt 
a2, 20 (16.31) 
T 


When i,, is lower than i,,, the parasitic diode of switch Qp conducts and the configuration of the PFC 
is as given in Figure 16.19b, where Equations (16.31) are still valid. Similarly, the same equations are 
applicable if current i,, becomes negative (Figure 16.19c). In this case, it is the parasitic diode of switch 
Qp that conducts. 


16.4.2.2 Case 2: Qur Is off and Q; p Is on 


When only switch Q, ș is turned on, the configuration of the PFC becomes as described in Figure 16.20. If 
the input inductor current i, is greater than i,, and i, is greater than zero, the high-frequency boost-diode 
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Figure 16.20 Configurations of the PFC when Quyp is off, Q} p is on and (a) O< izp < iz, (b) O< iz; <i; and (c) 
i <0< ir 


Dyr conducts, and the following equations can be written (Figure 16.20a) as 


(16.32) 


A proper modulation of current i,, requires an output voltage vy greater than the peak value of the 
input voltage v;„. On the other hand, when i, is lower than i,,, it is the parasitic diode of switch Q,,, that 
conducts the current (i, — i,,) instead of the boost-diode Dp- In this case, the configuration of the PFC 
is as given in Figure 16.20b, where the system’s equations become as given by Equation (16.31). This 
configuration is identical to the configuration given in Figure 16.19b. 

In the case where i,, is negative (Figure 16.20c), the parasitic diode of switch Q, p conducts and 
Equations (16.32) are still applicable. 


16.4.2.3 Case 3: Quy Is on and Q; , Is off 


When only switch Qpr is turned on, the configuration of the PFC becomes as described in Figure 16.21. If 
the input inductor current i, is greater than i,, and i,, is greater than zero, the low-frequency boost-diode 
D,, conducts, and the following equations can be written (Figure 16.21a) as 


di 
Ll 
ia > Vi, > O 
di,» 
=-v <0 
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dvo Vo . 
Os 4 R =i (16.33) 


On the other hand, when j,, is lower than i,,, the parasitic diode of switch Qur conducts and the 
configuration of the PFC is as given in Figure 16.21b, where the system’s equations remain the same as 
Equation (16.33). 

In the case where i,, is negative (Figure 16.21c), it is the parasitic diode of switch Q; p that conducts 
the current i,, instead of D, p. The PFC configuration thus becomes identical to the configuration given 
in Figure 16.19c, and Equations (16.31) are the ones that apply. 


16.4.2.4 Case 4: Quy Is off and Q; p Is off 


When both switches Qur and Q,, are turned off, the configuration of the PFC becomes as described 
in Figure 16.22. If the input inductor current i,, is greater than i,, and i,, is greater than zero, the 
low-frequency boost-diode D; p and the high-frequency boost-diode Dyp conduct simultaneously. The 
system’s equations are thus as follows (Figure 16.22a): 


Cee) (16.34) 
0 


On the other hand, when 7,, is lower than i,,, the parasitic diode of switch Qur conducts the current 
(i,,—i,,) instead of D „p and the configuration of the PFC becomes as given in Figure 16.22b. This case is 
identical to the case depicted in Figure 16.21b, and the system’s equations are given by Equation (16.33). 


Dur 


(c) 


Figure 16.21 Configurations of the PFC when Qyp is on, Q} p is off and (a) O< izp <i,,, (b) O< iz; <i, and (c) 
tpg <O<i,, 
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Figure 16.22 Configurations of the PFC when Qu, and Q} p are both off, and (a) 0 < i; <i,,, (b) 0<i,, <i, and 
(c) i <O<i,, 


In the case where i,, is negative (Figure 16.22c), the parasitic diode of switch Q, p conducts the cur- 
rent 7,, instead of D, p. The PFC configuration thus becomes identical to the configuration given in 
Figure 16.20c and Equations (16.32) are the ones that apply. 


16.4.3 Linear Control Design and Experimental Results 


The control system is described in Figure 16.23. The gate signals of switches Qur and Q; p are generated 
by comparing the current loops control signals (at the output of the inner regulators) with the modulation 
signals Vpwy nr aNd Vpwypp respectively. Both the modulation signals, at fixed frequency, are saw-tooth 
type and are synchronized at the turning-on of switch Qip- Kj}, Kiz and K, are the feedback scaling 
gains of the currents and voltage loops. The feedforward scaling gain K,,,, is inserted in order to reduce 
the level of v,, at the input of the control circuit. 

The adopted design of the inner regulators H, (s) and H;,,(s) neglects the cross-coupling between the 
duty cycle dyp and current i,,, on the one hand and between the duty cycle d, p and current i,,, on the other 
[76, 77]. The structure and parameters of these regulators are determined so that the inner closed-loop 
transfer functions correspond to a second-order low-pass filter. Furthermore, regarding the outer voltage 
loop, the voltage regulator H o(s) is similarly designed in order to ensure that the outer loop has the same 
dynamic characteristics as an optimized linear second-order low-pass filter. 

The converter with the control system shown in Figure 16.23 was realized using the following numer- 
ical values: 


Load power P) = 1kW 

RMS source voltage Vic = 110 V 
Mains frequency f} = 60 Hz 

Low switching frequency f p = 5 kHz 
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Figure 16.23 Control system [77] 


High-switching frequency fyr = 50 kHz 
Input DC inductor L} = 1 mH, R,, = 10 mQ 
Low-frequency inductor L, = 2 mH, R,, = 10 mQ 
Output DC capacitor Cy = 2400 uF 
DC output voltage V} = 250 V 

5000 + Žs 


a (1 + — 


Inner current regulators H,, (s) = 


500 + A 
H,,5(s) = ~ Fe 
a (1 + =) 
DC-voltage regulator H (s) = 20 - te. 
pilin 0 s- (s +70) 
Feedback scaling gains K}; =K; =K,=1 


Feedforward scaling gain K, ,, = 1/24 
PWM comparators gains Kpwyur = Kpwmir = | 


Figure 16.24 shows both line current and line voltage when the converter delivers 800 W to the load. 


One can note that the converter is operating at a unity displacement factor. 


Figure 16.25 shows the efficiency of the power converter drawn as a function of the load output power 
for three types of operation. The first type is defined when Q, p operates alone; the maximum efficiency 
obtained is 90% at 940 W. The second type is defined when both Qur and Q,, are functioning simulta- 
neously; the maximum efficiency measured is 92%. Finally, the third type of measurement is performed 
when only Qp is operating; the maximum efficiency measured is 87%. The use of the dual-boost type 


of converter ensures a trade-off between power quality and efficiency. 


528 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


; Chi RMS 
+ 107V 

i 

i Ch2 RMS 
i 8.58 A 
i. 

į Ch1 Ampl 
4. 289 V 

t 

+ Ch2 Ampl 
F 23.4 A 

4 

i 


vV 
26 Sep 2003 
[30.20% 10:46:35 


Figure 16.24 Line current and voltage for Py = 800 W [50 V/div, 5 A/div] [77] 


£ 
= 
k 
Q 
g 
a] 
—¢— MosFET LF HF 
—E— MosFET HF 
—’— MosFET LF 
250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 
Load power (W) 


Figure 16.25 Converter efficiency with respect to the load power for three types of operations [77] 


16.5 Conclusion 


Boost-type preregulators are the most used topologies in various industrial applications at low and 
medium power levels. Among the reasons for their attractiveness are robustness with regard to supply 
fluctuations, spikes, voltage transition, lightning and easy to design, their control circuit is generally 
current mode type that is simple to develop, they make good use of power semiconductor devices and 
finally their cost is very competitive. 

The basic boost converter topology is the most popular in such applications; however, its main draw- 
backs remain, first, the control detuning phenomenon that is present at the zero-crossing of the source 
voltage, which increases the source current distortion and limits the performance of this type of PFC; 
and second, the inherent power losses, which increase drastically when the converter operates at higher 
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switching frequencies. To overcome the first problem, a boost structure consisting of a two-switch asym- 
metric half-bridge converter can be considered. As for the second problem, an interleaved boost prereg- 
ulator that operates at different switching frequencies can be employed. 
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17.1 Introduction 


The proliferation of power electronics-based devices and equipment has significantly affected the power 
quality of the grid, which changes its sinusoidal nature through adding harmonic distortion. Power elec- 
tronics applications have penetrated several venues in our life. In residential applications, power 
electronics-based devices can be found not only in devices such as personal computers but also in 
refrigerators, freezers, air conditioning systems, cookers and lighting. Extending up to commercial appli- 
cations, power electronics applications embrace air conditioning systems, heaters, central refrigeration, 
uninterruptible power supply, elevators and lighting. In industrial applications, power electronics exist in 
pumps, compressors, fans, blowers, arc furnaces, induction heating and arc welding. In addition, inter- 
facing renewable energy sources to the grid necessitates converters to comply with the grid voltage and 
frequency requirements. This power electronics-based equipment increases the share of nonlinear loads 
compared with that of linear loads, and hence degrades the power quality of the grid. Simultaneously, 
power electronics-based loads are sensitive to harmonic distortion. This chapter starts with the definition 
of harmonics, effects and negative consequences of harmonics, international standards for harmonics, 
types of harmonics, harmonic current sources and harmonic voltage sources. Then, the different methods 
for harmonics mitigation are introduced, including passive filters and active filters. Definitions of loading 
power and power factor in the 3D space current coordinate system are introduced. The voltage source 
inverter (VSI) and current source inverter (CSI) such as an active power filter (APF) are discussed. The 
series and shunt APF are then introduced, presenting the different configurations for hybrid filters. APFs 
in high-power applications are discussed. In addition, the APF switching frequency choice methodology 
is presented. Different harmonic extraction techniques such as P—Q theory, cross-vector theory, the 
instantaneous power theory using the rotating P—Q—R reference frame, synchronous reference frame, 
adaptive interference canceling technique, capacitor voltage control, time-domain correlation function 
technique and identification by Fourier series are presented and discussed. Then the shunt APF is mod- 
eled, presenting simulation and practical results of a low-power prototype. The series active power prin- 
ciple of operation is then presented. Finally, the unified power quality conditioner (UPQC) is presented. 
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17.2 Harmonics 


Harmonics are components of a periodic wave having frequencies that are integral multiples of the fun- 
damental power network frequency, which can be presented through Fourier series. Harmonics are not 
transient phenomena and therefore should not be confused with transient phenomena such as spikes, 
dips and oscillations. Harmonics are typically the by-product of power electronics-based loads, which 
are proliferating tremendously in power systems. They occur frequently because of the large number 
of personal computers and electronic devices (single-phase loads), variable frequency drives (AC and 
DC), switch-mode power supplies, low-power consumption lamps, electrical arc furnaces, arc weld- 
ing machines, transformer and induction motor saturation and any equipment that has nonlinear volt- 
age/current characteristics (i.e., nonlinear loads). Most of these loads distort the load current. Because 
of the equivalent impedance of the grid, the supply voltage gets distorted. As the short-circuit level 
increases (stiff power system network), the grid impedance is low. Therefore, the effect of distorted cur- 
rent on the supply voltage quality is less than that of the low short-circuit level (weak power system 
network). For example, the IEEE-519 standard objective is to limit the harmonic injection from individ- 
ual customers so as to limit the overall harmonic distortion in the grid voltage. The process is mutual 
between the customer and the utility; that is, the customer should act according to the standard to limit 
the distorted current injection and the utility should act to limit the voltage distortion for the supplied 
electric power. The harmonic level is measured through a term called total harmonic distortion (THD) 
of either voltage or current. The THD is used as a measure in the international standards for determining 
the allowable level of THD at certain voltage level and short-circuit capability. The THD is defined as 
the ratio between the rms of the harmonic components and the rms of the fundamental component. Mea- 
surement location in a power system network is important for assessing the harmonics, and therefore the 
term point-of-common coupling (PCC) arises. The PCC is the location where the harmonic voltage and 
current distortions are measured or calculated. The PCC can be on either the primary or the secondary 
winding of utility transformers or at the service entrance of the considered facility. 


17.3 Effects and Negative Consequences of Harmonics 


High levels of harmonic distortion can lead to distribution system problems and may cause a shutdown 
of other equipment, especially if their operation is sensitive to zero crossing [1]. Distortion problems 
can be severe in small/weak power networks where the equivalent power network impedance is 
significant, resulting in increased voltage distortion at the PCC [2]. Harmonics may adversely affect 
most of the power system components such as conductors, capacitors, transformers, motors and 
generators through overheating these components. In transformers and reactors, the eddy current and 
hysteresis losses increase and a resonance may occur between the transformer inductance and line 
capacitance. In capacitors, as the reactive power increases, the dielectric losses increase, which may 
cause capacitor failure, lifetime decreases and the possibility of overvoltage and resonance. In cables, 
skin and proximity effects increase heat, and so dielectric breakdown of cable insulation may occur. 
Harmonics affect switchgear through changing the rate of rise of the transient recovery voltage and the 
operation of the blow-out coil, and the current-carrying parts will be affected by skin and proximity 
effects. The time-delay characteristics of the relay may be affected by harmonics. Relays may be 
affected by harmonics also through interference, especially microprocessor based. Also, false tripping 
may occur. In generators, the rotor heating increases and torque ripples are produced, which adds to 
maintenance requirements and may eventually lead to failure. Motor losses increase due to harmonics 
and eddy currents and skin effects increase. In addition, it may cause misoperation of electronic 
devices (which depends on voltage zero crossing detection or sensitivity to the voltage waveform). 
It also affects protective devices, depending on the design features and principles of operation and 
causes interference with telephones. It may introduce either series or parallel resonances in the power 
system network. 
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17.4 International Standards for Harmonics 


In 1981, the IEEE introduced the IEEE standard 519 “IEEE Recommended Practices and Requirements 
for Harmonic Control in Electrical Power Systems” to provide guidelines for dealing with harmonics 
presented by nonlinear loads so that power quality problems could be mitigated. The IEEE 519-1992 
limits for voltage and current harmonics are shown in Tables 17.1—17.4 for the current distortion limits 
in distribution systems, current distortion limits in subtransmission systems, current distortion limits in 
transmission systems and voltage distortion limits, respectively, [3]. 

The THD,, is defined as the ratio of the rms of the voltage harmonics to the rms of the fundamental 
component, as in Equation (17.1). 


2 2 2 2 
(V+ Vi4V2 +... +V 


THD, = 
v V, 


(17.1) 


Table 17.1 Current distortion limits (in % of J, ) for general distribution systems 
(120-69 000 V) [3] 


TgcHh, h<11 11<h<17 17<h<23 23<h<35 35>h TDD 


<20 4 2 1.5 0.6 0.3 5 
20-50 7 35 2.5 1 0.5 8 
50-100 10 4.5 4 15 0.7 12 
100—1000 12 3.5 5 2 1 15 
>1000 15 7 6 25 1.4 20 


where Zo is the short-circuit current, I is the maximum fundamental demand cur- 
rent, TDD is the total demand distortion and h is the harmonic order. 


Table 17.2 Current distortion limits (in % of 7) for general subtransmission 
systems (69 001—161 000 V) [3] 


Fell, h<11 11<A<17 17<h<23 23<h<35 35>h TDD 
<20 2 1 0.75 0.3 0.15 2.5 
20-50 3.5 1.75 1.25 0.5 0.25 4 
50-100 5 2.25 2 0.75 0.35 6 
100-1000 6 2.75 2.5 1 0.5 15 
>1000 7.5 3.5 3 1.25 07 10 


where J, is the short-circuit current, L is the maximum fundamental demand cur- 
rent, TDD is the total demand distortion and h is the harmonic order. 


Table 17.3 Current distortion limits (in % of 7; ) for general transmission 
systems (>161 000 V) [3] 


Igclh, h<11 11<A<17 17<h<23 23<h<35 352h TDD 


<50 2 1 0.75 0.3 0.15 2.5 
>50 3 1.5 1.15 0.45 0.22 3,75 


where J, is the short-circuit current, L is the maximum fundamental demand cur- 
rent, TDD is the total demand distortion and A is the harmonic order. 
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Table 17.4 Voltage distortion limits (in % of V) [3] 


PCC voltage Individual harmonic THD, (%) 
magnitude (%) 


<69kV 3 5 
69-161 kV 1:5 2.5 
> 161kV 1 15 


where THD, is the voltage THD. 


The THD, is defined as in Equation (17.1) but for current components. The TDD has the same definition 
as THD, except that it is referred to as the maximum fundamental demand current. 

The EN 61000 [4] (EN stands for Euro Norm which is identical to the International Electrotechni- 
cal Commission (IEC)) has been divided into six main parts. These are classified into, first, a general 
part dealing with general considerations (IEC 61000-1-x); second, an environmental part defining the 
characteristics of the environment where equipment is applied (IEC 61000-2-x); a third part defining the 
permissible levels of emissions that can be generated (IEC 61000-3-x); a fourth part providing detailed 
guidelines for measurement equipment and test procedures (IEC 61000-4-x); a fifth part providing guide- 
lines in the application of equipment for ensuring electromagnetic compatibility among electrical and 
electronic apparatus or systems (IEC 61000-5-x); and a miscellaneous part with generic standards defin- 
ing the immunity and emission levels required for equipment in general categories or for specific types 
of equipment (IEC 61000-6-x). The EN 61000-3-x is of high interest in the permissible harmonic level 
provision to the network. The EN 61000-3-2 controls the level of distortion of the current drawn by 
all equipment rated up to 16 A, and EN61000-3-3 controls the level of voltage changes that equipment 
rated up to 16 A will impose on the AC supply. Previously, the harmonic standard was called JEC 555 
Part 2 (1987), and the flicker standard was called JEC 555 Part 3 (1987); these are now referred to as 
EN61000-3-2 and EN61000-3-3 Standards. 


17.5 Types of Harmonics 


17.5.1 Harmonic Current Sources 


In load (naturally)-commutated converters with inductive loads, the harmonic current content and charac- 
teristics are less dependent on the AC side. Therefore, this type of harmonic source behaves as a harmonic 
current source [5]. Thus, it is called a harmonic current source and is represented as a current source. 
Figure 17.1(a) presents a three-phase uncontrolled rectifier feeding an inductive load, which is considered 
a common example of the harmonic current sources. Figure 17.1(b)—(e) represents the supply current 
and its spectrum, and the voltage at the PCC and its spectrum, respectively, where the supply voltage is 
220 V at 50 Hz and the source impedance is 0.1 mH and 0.1 Q. The nonstiff supply (supply with high 
internal impedance) significantly affects the voltage at the PCC and, therefore, propagates the harmonics 
through the power system. This is clear when the same system is simulated but for a source impedance 
of 1 mH and 0.1 Q. Figure 17.2(a)—(d) represents the supply current and its spectrum and the voltage at 
the PCC and its spectrum, respectively. 


17.5.2 Harmonic Voltage Sources 


Another typical harmonic source is that caused by diode rectifiers with DC capacitors. As the impedance 
of capacitors decreases at higher frequencies [5], connecting large capacitance to the DC side of the 
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Figure 17.1 Harmonic current source: (a) three-phase uncontrolled rectifier, (b) and (c) source current and its spec- 
trum and (d) and (e) supply voltage and its spectrum (supply impedance 0.1 mH and 0.1 Q) 
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Figure 17.2 Harmonic current source: (a) and (b) source current and its spectrum and (c) and (d) supply voltage and 
its spectrum (supply impedance | mH and 0.1 Q) 
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Figure 17.3 Harmonic voltage source: (a) three-phase uncontrolled rectifier, (b) and (c) source current and its spec- 
trum and (d) and (e) supply voltage and its spectrum (supply impedance 0.1 mH and 0.1 Q) 


diode rectifier causes lower impedance for harmonics. Figure 17.3(a) presents a three-phase uncontrolled 
rectifier feeding a capacitive load. Figure 17.3(b)—(e) represents the supply current and its spectrum, and 
the voltage at the PCC and its spectrum, respectively, where the supply voltage is 220 V at 50 Hz and 
the source impedance is 0.1 mH and 0.1 Q. The harmonic current amplitude on the AC side is affected 
by the impedance of the AC side; therefore, a diode rectifier behaves like a voltage source (rather than 
a current source). This is clear when the same system is simulated but for a source impedance of 1 mH 
and 0.1 Q. Figure 17.4(a)—(d) represents the supply current and its spectrum, and the voltage at the PCC 
and its spectrum, respectively. 


17.6 Passive Filters 


In order to cancel out or mitigate harmonics, two main approaches have been considered in the last 
decades. In the first approach, the AC input current for the power electronics-based load is consid- 
ered to be as near as possible to a sinusoidal waveform and in phase with the supply AC voltage. 
Therefore, the load behaves virtually as a resistive load, provided that the power electronics is of 
sufficient controllability (bandwidth) to achieve the targeted objective. This can be seen in active 
front-end rectifiers (force-commutated converters). However, this approach fails in load-commutated 
converters. 

The second approach is to use an additional system component for harmonic mitigation, namely power 
filters. Power filters were first introduced for harmonic compensation as passive power filters. Passive fil- 
ters consist of inductors, capacitors and damping resistors connected either in series or in parallel. Various 
types of passive filters with different filtering characteristics and for different application requirements 
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Figure 17.4 Harmonic voltage source: (a) and (b) source current and its spectrum and (c) and (d) supply voltage 
and its spectrum (supply impedance 1 mH and 0.1 Q) 


are available. Passive filters can be introduced in the power network either in series or in parallel. Shunt 
passive filters are filters tuned at the required harmonic component to be filtered. The filter order can 
be of first, second, or third order, based on the filtering requirements. The shunt passive filter is greatly 
affected by the source impedance, which in turn is very difficult to measure. The series passive filter 
is connected in series with the network to provide a high impedance path of the harmonic current, pre- 
venting its flow. Traditionally, the passive filter with thyristor-controlled reactor (TCR) is used to filter 
harmonics, in addition to compensating reactive current components [6]. Advantages of passive filters 
are easy maintenance, lower costs and less complexity. However, in practice, these filters have many 
disadvantages [7—11], which can be enumerated as follows: 


e When both harmonic and fundamental current components flow into the filter, the filter should be rated 

considering both components. 

The filter may be overloaded with harmonic current increase. 

Parallel resonance between the AC source and passive filter causes overvoltage. 

Detuning of the harmonic frequency with aging of passive components. 

Filtering characteristics are dependent on the source impedance that is not accurately known and may 

change with network configuration. 

e The passive filter may cause series resonance, with the AC source leading to large currents flowing 
through the filter. 

e The operating frequency of the AC system varies around its nominal value as the loading condition of 
the system changes, and should therefore be considered in filter design. 

e Passive filters mitigate only the frequencies they are tuned to. 

e There are constraints on the choice of filter component in order to reach a compromise between the 
requirements of both the AC current harmonic and the reactive power supplied. 


17.7 Power Definitions 


To avoid the demerits of the passive filter, the APF has been proposed. Before detailing the APF, the 
authors will shed light on definitions that will ease understanding of the concept and principle of operation 
of the APF. 
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Figure 17.5 Loading power components 


17.7.1 Loading Power and Power Factor 


Traditionally, and considering only sinusoidal waveforms, active power, defined as the average of the 
product of voltage and current, has been recognized to cause real electric energy flow between two 
subsystems [12]. Conversely, reactive power, defined as the orthogonal term to active power, has been 
considered to cause no real energy flow, but increases the steady-state current in sinusoidal systems. The 
power factor is therefore defined as the ratio between active power and apparent power (the resultant of 
the active power and reactive power components). However, considering the harmonics, the definition of 
the power factor will differ with the introduction of new terms that are clarified in the following sections. 


17.7.2 Loading Power Definition 


Loading power [13] can be divided, as shown in Figure 17.5, into the following: 


e Active power, which is defined as the average rate of the energy transfer from the source to the load 
over an interval of time. Active current [14] is defined as the minimum effective current associated 
with the transfer of the average power to the load over a predefined period. 

e Fictitious power includes all components of power that cause the loading power to be higher than the 
active power. 

e Reactive power can be divided into fundamental power and residual power. The fundamental reactive 
power is the cross-product of the fundamental component of voltage and current, while the resid- 
ual reactive power component is the difference between the reactive power and fundamental reactive 
power. For a single-phase circuit, reactive power is the power that circulates between the source and 
the load, while in polyphase circuits, reactive power is the power that circulates between the source 
and the phases and the power that circulates among phases. 

e Deactive power is associated with uncorrelated voltage and current waveforms. For this reason, the 
deactive power can be called uncorrelated fictitious power. 


17.7.3. Power Factor Definition in 3D Space Current Coordinate System 


The conventional 2D current coordinate system decomposes the load current into active and reactive 
components where this is effective only in the case of linear loads. But, in the case of nonlinear loads, 
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Figure 17.6 3D space current coordinate system 


the nonfundamental current cannot be represented in 2D, and therefore a new current coordinate system 
to present the directly distorted portion of system current is required in the case of nonlinear loads (3D 
coordinate). In this definition, the current is expressed in terms of three mutually orthogonal components 
[13]: active, reactive and distorted components, as shown in Figure 17.6. Therefore, their rms fulfill the 
following relationships 


PHh+R +h (17.2) 
Patt (17.3) 
F=R+P (17.4) 


where 7 is the system rms current, J, is the fundamental active rms component of J, T, is the fundamen- 
tal reactive rms component of J, J, is the distorted rms component of 7 and J, is the fundamental rms 
component of /. 

If the supply voltage is a nondistorted sinusoidal waveform, then only the fundamental component of 
the current contributes to average power flow. So the power factor angle shown in Figure 17.4 can be 


expressed as 


I, Fundamental active rms component of 7 


cos @ = T = (17.5) 


System rms current 


If the supply voltage is a distorted sinusoidal waveform, then only the fundamental component of the 
current and the harmonic current components that correspond to the harmonics in the supply voltage 
contribute to the average power. But the contribution of the harmonic components to the active power is 
small and can be neglected with respect to the fundamental component. Therefore, the power factor can 


be defined generally as 


Fundamental active power 


cos ọ = (17.6) 


Apparent power 

This helps in evaluating the performance of the APF. If only /, is compensated, this power electronic 
device is named as a STATCOM. If J, or both (J, and 7,) are compensated, then it is named as an APF. 
However, the power factor cannot be brought to unity till totally compensating J, and /,. The conventional 
power factor definition (displacement factor), which is defined in the 2D coordinate system, is misleading 
especially in industries that highly source harmonics into power systems, for example, the steel and 
aluminum industries, where reducing the distorted current components is the key factor for increasing 
the power factor. 
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17.8 Active Power Filters 


APFs, as in passive filters, can be divided into AC and DC power filters [15]. DC APFs have been designed 
to compensate for current and/or voltage harmonics on the DC side of thyristor converters for high-power 
applications such as high-voltage DC (HVDC) systems and high power drives [16-20]. The DC APF 
can be considered as a special case of the AC APF. AC APFs are generally known as APFs, and are also 
called active power line conditioners, active filters and active power quality conditioners [21]. APFs 
can be employed in power system for providing compensation for harmonics, reactive power, and/or 
neutral current. APFs can also be used to eliminate voltage harmonics, to regulate terminal voltage, to 
suppress voltage flicker, and to improve voltage balance in three-phase systems [21]. APFs, compared 
to that of passive filters, have better harmonic compensation characteristics with impedance variation 
of the AC power line and the frequency variation of harmonic currents. A voltage source pulse-width 
modulation (PWM) inverter is commonly used as APF and var compensator. A voltage source APF has 
a capacitor on the DC side with a regulated DC voltage, whereas a current source APF has an inductor 
with a regulated DC current. Although the voltage source type is better in terms of losses and filter 
capacity to eliminate PWM carrier harmonics, the current source type is better in terms of the dynamics 
of compensating current as well as reliability and protection [8]. However, generally the APF experiences 
few disadvantages [11]: 


e The initial and running costs, losses and complexity of APFs are higher than for passive filters. 
e The trade-off in the design of APFs with high-power rating and fast dynamic current response. 


Depending on the topology, the APF can be classified as series, shunt, or combined shunt series 
(UPQC), as shown in Figure 17.7. Combinations of APF and passive filters are known as hybrid fil- 
ters [21]. 
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Figure 17.7 (a) Shunt APF, (b) series APF and (c) UPQC 
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Figure 17.8 Current source inverter 


The maximum harmonic order to be suppressed by the APF has no theoretical limit and is governed 
by the switching frequency employed for the APF. Theoretically, injecting PWM current enables the 
harmonic components of orders not greater than the pulse number per half-cycle to be mitigated [22]. If 
the harmonic components change in magnitude and frequency, the APF continues functioning without 
introducing any change in the system hardware, which is considered an advantage compared with that 
of the passive filter. 


17.8.1 Current Source Inverter APF 


The CSI behaves as a nonsinusoidal current source, providing the harmonic current requirements of 
the nonlinear load. A diode is used in series with the self-commutating device (insulated-gate bipolar 
transistor (IGBT)) for reverse voltage blocking (as shown in Figure 17.8), which can be replaced with 
IGBT of bidirectional voltage blocking capability or integrated gate-commutated thyristor (IGCT) [21]. 
Also, GTO-based configurations can be used but have a restricted switching frequency. The CSIs are 
considered sufficiently reliable, but have higher losses and require high inductance. Moreover, they are 
difficult to use in multilevel applications compared with that of VSI. 


17.8.2 Voltage Source Inverter APF 


The VSI APF is based on a VSI (shown in Figure 17.9) and has a self-supporting DC voltage bus with a 
large DC capacitor [21]. It has become more dominant since it is lighter, cheaper and easily expandable 
to multilevel applications as the cascaded type, diode clamped and flying capacitor multilevel inverter. 


17.8.3 Shunt Active Power Filter 


Shunt APFs have the advantage of carrying only the compensation current in addition to a small active 
fundamental current component to compensate for system losses and sustain a constant voltage across 
the DC capacitor [23]. Nevertheless, the shunt APF can be employed for reactive power compensation 
as well. It is common to attempt to use shunt APFs for harmonic compensation of harmonic voltage 
sources. Nevertheless, the impedance of the diode rectifier to harmonics is not much higher than that of 
the source side. Therefore, the compensating current injected by the shunt active filter flows into both 
the source and diode rectifier. Therefore, shunt active filters cannot cancel the harmonics completely but 
may cause problems such as enlarging the DC ripple and AC peak current of the diode rectifier. To avoid 
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Figure 17.9 Voltage source inverter 


these problems, Peng. showed that added series inductance is required [5] if a shunt APF is used. In 
Ref. [5], the use of a series active filter is proposed to overcome these problems. 


17.8.4 Series Active Power Filter 


The series APF does not compensate for load current harmonics but acts as a high impedance to current 
harmonics from the source side. Series APFs are less common industrially than their counterpart shunt 
APFs. This is because they have to handle the full load current, which increases their current rating con- 
siderably compared with that of the parallel filters. This effect may be worse on the secondary side of the 
coupling transformer, increasing the -R losses and the physical size of the filter. The main advantage of 
series filters over the parallel version is that they can eliminate voltage-waveform harmonics and balance 
the three-phase voltages at the PCC of interest [23]. The approaches available for detecting harmonic 
voltage are similar to that for detecting harmonic current in the shunt APF. Table 17.5 summarizes the 
salient features of both shunt and series APFs. 


17.8.5 Hybrid Filters 


The series APF, which constitutes high impedance for high-frequency harmonics [23], can be accom- 
panied by a parallel passive filter to provide a path for the harmonic currents of the load as shown in 
Figure 17.10(c). Alternatively, a shunt APF is designed to eliminate only part of the low-order current 
harmonics while the passive filter is designed to eliminate the bulk of the load—current harmonics [23], 
as shown in Figure 17.10(a). The main drawback is that it contains many power components, especially 
the passive filter. Since filters are permanently connected to the system, this approach is only suitable for 
a single load with a predefined harmonic source. 

A shunt APF in series with passive filters is shown in Figure 17.10(b) and suits medium- and 
high-voltage applications where the passive filter reduces the voltage stress on the APF switches [23]. 
To reduce the complexity of the active and passive filter, the active filter is connected in series while the 
passive filter is connected in parallel [23], as shown in Figure 17.10(c). This configuration overcomes 
the problems of source impedance interaction with the passive filter. 

The UPQC for the distribution system shown in Figure 17.10(d) is different in operation, purpose 
and control strategy from the unified power flow controller for transmission systems [15]. The functions 
being performed by the series active filter are harmonic isolation between the subtransmission system 
and the distribution system, voltage regulation and voltage flicker/imbalance compensation at the PCC. 
The functions performed by the shunt active filter are harmonic current and/or negative sequence current 
compensation and DC-link voltage regulation between both active filters. 
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Table 17.5 Comparison of shunt and series APFs 


Shunt APF 


Series APF 


Connection 
APF acts as 
Rating 


Function 


Compensation 
characteristics 


Application 
considerations 


Considered loads 


It is connected in distribution networks in 
shunt 

The shunt APF acts as a current source 

It is rated at the full load voltage but the 
current rating is partially the harmonics 
and reactive current components 

Current harmonics filtering 

Reactive current compensation 

Current unbalance mitigation 


The compensation characteristics of the 
shunt APF are independent of the source 
impedance for current source loads 


Injected current flows into the load side and 
may cause overcurrent when applied to a 
voltage source load 


Inductive or current source loads or 
harmonic current sources 


Passive 
filter 


Passive 
filter 


(c) 


It is connected in distribution networks in 
series 

The series APF acts as a voltage source 

It is rated at the full load current but the 
voltage rating is partially the compensated 
voltage components 

Voltage harmonics mitigation 

Voltage sag or swell mitigation 

Voltage unbalance mitigation 

Current harmonics filtering 

Reactive current compensation 

Current unbalance mitigation 

The compensation characteristics of the 
series APF are independent of the source 
impedance and the load impedance for 
voltage source loads 

A low-impedance parallel branch (parallel 
passive filter or power factor improvement 
capacitor bank) is needed when applied to 
an inductive or current source load 

Capacitive or voltage source loads or 
harmonic voltage sources 


(d) 


Figure 17.10 Filter combinations: (a) parallel active and passive filters, (b) active filter in series with the parallel 
passive filter, (c) series active and parallel passive filter and (d) unified power quality conditioner 
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17.8.6 High-Power Applications 


The implementation of high-power APF filters with the conventional two-level VSI may not be 
cost-effective, because of the lack of high-switching frequency high-power single devices that can 
control the current flow at high-power ratings [23, 25]. Harmonic pollution in the high-power ranges is 
not the major problem, as in low-power ranges. High-power applications include power subtransmission 
grids and high-power AC and DC drives, as well as DC transmission systems. The effect of harmonics 
generated in the low-power range is minimized, either naturally or by the installation of several medium- 
and low-power APFs downstream, which contribute to the compensation. Static var compensation is the 
major concern and is usually catered for by using traditional static power conditioners/filters, such as 
several sets of synchronous condensers connected in parallel or in multilevel inverter var compensators. 
One of the applications of APFs in high-power systems is the Japanese bullet train (Shinkansen), which 
uses a parallel combination of several APFs. 


17.9 APF Switching Frequency Choice Methodology 


An important parameter in APF design is the order “m,” of the highest harmonic to be reduced [26]. The 
required filtering capability of the APF can be defined as follows: 


fa = my Se (17.7) 


where f, is the fundamental frequency of the power network. The frequency fẹ is chosen based on the 
maximum switching frequency of the APF (f,,,. app). If the required f,, is higher than the APF maxi- 
mum switching frequency capability f,,,. app» it is impossible to control the APF line currents, hence the 
harmonics are not fully compensated. The APF maximum switching frequency f axapp determines the 
filtering capability of the active filter through the following relationship, 2ft < fnaxapp < LO far , as Shown 
in Figure 17.11. The lowest factor results when semiconductors are the limiting aspect, whereas the 
highest factor is applicable to low-power APFs using semiconductor devices with the high-switching fre- 
quency capability such as metal-oxide semiconductor field-effect transistors (MOSFETs) and IGBTs. A 
high-pass passive filter can be used to reduce the harmonics beyond the APF capabilities. Another design 
step is based on the control system as it is implemented in a digital structure. The control algorithms are 
usually implemented in DSP, where most of the available DSPs have a high-processing capability that 
mostly will not limit the capability of the APF. For VSIs, the switching frequency f axapp 18 dependent 
on the inverter power requirement. Generally, this power clearly limits the maximum value of f,,,. To 
circumvent this limit for high-power VSIs, the two-level VSI topology can be changed to a multilevel 
VSI (number of levels greater than 2). 


f fem k] 
fat < fmax APE < 10 far 


Figure 17.11 APF switching frequency choice methodology 
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Figure 17.12 Classification of harmonic current extraction techniques 


17.10 Harmonic Current Extraction Techniques (HCET) 


In this section, even though the attention is given to the shunt APF and its harmonic current extraction 
techniques, nevertheless and analogously this can be reflected on the series APF and its voltage harmonic 
extract techniques. Various power theories and techniques have been developed for harmonic current 
extraction technique (HCET) where the authors tried to shed light on the most important and common 
techniques. HCET can be classified into time-based and frequency-based techniques, as shown in 
Figure 17.12. 


17.10.1 P-Q Theory 


The P—Q theory (the instantaneous power theory or the instantaneous reactive power theory) based on 
the instantaneous value concept was proposed in 1983 [24, 27]. In the instantaneous power theory and 
using Clarke transformation, the three-phase voltages and currents can be expressed as follows: 


el «cl 1 2L =l 
3 2 2 
Va en Va ly n la 
vyl=4/2| 0 v3 y3 vl aa |i,{=4/2] 0 v3 -v3 i, (17.8) 
3 > 2 f 3 2 2 i. 
Yo 1 1l 1 |\Ye lo 1 1 1 Ne 


V2 42-42 v2 v2 v2 


If the three-phase system has three wires, the zero-sequence current components will not exist, and 
therefore the contribution will be due to the a—f components only. 
The instantaneous active power for a three-phase circuit can be defined in a—f coordinates as 


P = Vala + Vgig =P +P (17.9) 
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where p is the average instantaneous active power. It is related to the active power transferred from the 

source to the load through the three phases (this is the main required component in the power system). p 

is alternating instantaneous active power (the active power exchanged between the source and the load). 
The instantaneous reactive power is defined as 


q= Vpis- Vis = G49 (17.10) 


where q is the average instantaneous reactive power. g is the alternating instantaneous reactive power. 
The instantaneous zero-sequence power is defined as 


Po = Voip = Po + Po (17.11) 


where py is the mean value of the instantaneous zero-sequence active power. This is related to the active 
power transferred from the source to the load through the zero-sequence voltage and current components. 
Po is the alternating instantaneous zero-sequence active power, which is the power exchanged between 
the source and the load (as seen in Figure 17.13). 

The oscillating active and reactive power are undesirable as they are a result of the harmonics. In some 
cases, the average reactive power is not desirable (in reactive power compensation for unity power factor 
operation). The oscillating active and reactive power can be extracted through filtering the total active 
and reactive power. 

For a three-phase nonlinear load, if the reactive and harmonic producing currents are to be compen- 
sated, the compensating current can be expressed as 


-1 ~ 
la \ (Ya Y Po (17.12) 
lop Vp Va qorq 


where p is the AC component of the instantaneous active power. Then using the Clarke inverse transfor- 
mation, the three-phase currents contributed by the active filter can be calculated. If the voltage at the PCC 
is not balanced and/or nonsinusoidal, the compensated currents are no longer sinusoidal. The harmonic 
components in the voltages at the PCC can be eliminated by filtering. This approach is preferred when 
the superimposed harmonic voltage components are of high frequencies. The phase-locked loop can be 
employed for extracting the positive sequence component of the voltage at the point of the common 
coupling. In a three-phase four-wire system, the compensating current can be expressed as follows: 


lea VoVa VoVg 0 p 
i| = — YoYp Yor Offa q (17.13) 
Lo Vap Yo 0 0 vip Po 


where v2, = v2 + v? 


If the voltage of the PCC is unbalanced and sinusoidal, the source current after compensation is also 
not balanced and sinusoidal [28]. If the voltage applied is balanced and nonsinusoidal, the source current 
is distorted. Therefore, in the case of unbalanced and/or nonsinusoidal voltage, the compensating current 


a q 
baa pe G 
=e 
N De 


Figure 17.13 The power transferred to the load/oscillating between source and load 
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should be proportional to the fundamental positive sequence voltage component at the PCC. Therefore, 
the source current can be expressed as follows: 


= P ++ 

= — V 

s f 
ve 


(17.14) 


where Vý is the rms of the fundamental positive sequence of the voltage vector and can be defined as 


follows: 
veoh Spev) (17.15) 
T 


2 
where vt? 


a vie and Ve are the components of the fundamental positive sequence of voltage vector. 


17.10.2 Cross-Vector Theory 


The cross-vector theory or modified P—Q theory [29, 30] defines an instantaneous real power p and three 
instantaneous imaginary powers. The instantaneous reactive power theory can be defined in the a—b—c 
reference frame as 


q=vXi=|q,) and p=v-i (17.16) 


= a jji (17.17) 
Gp V VW 0 ‘ 


where the instantaneous imaginary powers (qo, ¢, and q,) are not independent. They are related as fol- 
lows: 
MaYa + Ip%p + IM = 9 (17.18) 


The currents can be expressed as follows: 


P 
lj 1 {% O Vp =v J 
i |= 5 | s 0 v 4 (17.19) 
i Voas (v, v, —Vvy 0 . 
B p va 0 Ip 
where 
Voap = Yo + Va + V3 (17.20) 


Similarities and differences between the three-phase four-wire part in P-Q theory and the 
cross-vector theory can be summarized as follows. The P—Q theory considers the zero-sequence 
circuit as a single-phase circuit independent of the a-phase and f-phase circuits and deals with the 
zero-sequence current as an instantaneous active current only [31]. This means that no instantaneous 
reactive current exists in the zero-sequence circuit, while in the cross-vector theory, in the zero-sequence, 
a-phase and f-phase circuits are considered. This implies that the zero-sequence current can be divided 
into zero-sequence instantaneous active and reactive current components. The compensating current in 
the cross-vector theory can be expressed as follows: 


P 
io 1 W% 0 Vy Vy 7 
La | = = Ya —Y%p 0 Vo 0 (17.21) 
lop Voap Vp Va o O Ia 
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The cross-vector theory does not separate the instantaneous active power into its af and zero-sequence 
components. 
Therefore, the elimination of the neutral current is not possible in this theory [31]. 


17.10.3 The Instantaneous Power Theory Using the Rotating P-Q—R 
Reference Frame 


Three power components are defined as linearly independent in the P—Q—R reference frames [32]. Thus, 
the three current components can be controlled independently by compensating for the three instanta- 
neous power components in the P—Q—R reference frames. As shown in Figure 17.14(a), a new a’—f’—0 
reference frame is established by rotating the 0-axis of the a—f—O reference frame by @,, aligning the 
a-axis with the projected voltage space vector on the a—f plane. The current space vector in the a’ —f’—0 
reference frame can be described as 


a cos, sin, O) [i 
i,|=|—sin@, cosð, Of Ji, (17.22) 
i oo oaii 


where 9, = tan™' (2 


Next, as shown in Figure 17.14(b), the P—-Q-R reference frame can be formed by rotating the p’-axis 
of the a’—f’—0 reference frame by 0,, aligning the a’-axis with the voltage space vector. The current 
space vector on the P—Q—R reference frame is described as 

Ls cosé, 0 sind, ){i, 
|= 0 1 0 i; (17.23) 
i, — sin 0, 0 cos 6, 


r 


where 0, = tan”! (2) and €,5 = /e, + e 


The instantaneous active/reactive powers can be defined, respectively, by the scalar/vector products of 
the voltage and the current space vectors. 


D= bor? T= ei, (17.24) 
q=? nX Tp = [0, -e,i e,i] (17.25) 
Therefore, the instantaneous active and reactive powers can be expressed as follows: 
p 10 0 \(t, 
4, |=6|01 0 |G, (17.26) 
dq 00 =1j\i, 
So the current space vector can be expressed as follows: 
i 1 10 0)(p 
=—|01 0 ]Iq, (17.27) 


q 
i, ?\0 0 -I)}\q, 


As can be noted, the instantaneous active and reactive powers are defined in three main current com- 
ponents that are linearly independent. Compensating for the instantaneous reactive power (q, and q y) 
the two current components can be controlled independently. To eliminate the neutral current, the cur- 
rent space vector is located on the a—f plane. Therefore, controlling 7’, as in the following equation by 
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Figure 17.14 Physical meaning of the P—Q-R reference frames: (a) relation between a—f/-—O reference frame and 
a’ —f'—0 reference frames (viewed from the top of the 0-axis) and (b) relation between a/—f’—O reference frames 
and P—Q-R reference frames (viewed from the bottom of the g-axis) 


compensating for the g-axis instantaneous reactive power properly, the neutral current of the system can 


be eliminated. 2 
sa = 2 80 

i, = —i, tan 0, = =i 

ap 


(17.28) 


If i, is controlled to zero by compensating the r-axis instantaneous reactive power q,, the current space 


vector is thes which is located on the projection line of the voltage space vector to the a—f plane. In this 
case, the current space vector is minimized as the neutral current is removed. 

Note that P—Q theory does not observe power conservation since the instantaneous zero-sequence 
reactive power is not defined by the theory. Cross-vector theory defines one instantaneous real power 
and three instantaneous imaginary powers that observe power conservation, where the three instanta- 
neous imaginary powers are linearly dependent, which means they cannot be separately compensated. 
The P—Q-R theory [33, 34] takes advantage of both P—Q theory and cross-vector theory. The defined 
instantaneous power observes power conservation. Both instantaneous real and imaginary powers can be 
defined in the zero-sequence circuit in three-phase four-wire systems. The three power components are 
linearly independent. 
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17.10.44 Synchronous Reference Frame 


A synchronous reference frame [2, 7] is based on defining the instantaneous power in the synchronous 

reference frame. The load currents are transformed from the a—b—c stationary reference frame to the 
d—gq synchronous rotating reference frame as 

ig 2 | sin@ sin (6 ~ 2) sin (0 + 2#) i 

2 3 3 i 


i 3 | cos@ cos (0 - *) sin (0+ ) i 


a 


(17.29) 


> 


a 


where 8 is the angle of rotation of the d—q coordinates and is equal to œt, where œ is the power supply 
angular frequency. The d and q current components represent the active and reactive power components 
of the current, respectively. The currents can be decomposed into: 


i, =i, ti, (17.30) 
i, =i, +1, (17.31) 


where i, and i, are the fundamental active and reactive current components, respectively, while i, and 


rs are the harmonics active and reactive current components, respectively. A low-pass filter is used to 
extract the DC components. The moving-average process is another filtering method [35]. 


17.10.5 Adaptive Interference Canceling Technique 


The adaptive interference canceling technique [27] maintains the system in the best operating state by 
continuously self-tuning and self-adjusting. The noise-canceling technique is illustrated in Figure 17.15. 
A signal is transmitted over a channel to a sensor that receives the signal s plus an uncorrelated noise 
n, The combined signal and noise, s+n,, forms the “primary input” to the canceler [27]. A second 
sensor receives a noise n, that is uncorrelated with the signal but is correlated in some unknown way 
with the noise n,. This sensor provides the “reference input” to the canceler [27]. The noise n, is filtered 
to produce an output y, which is an approximate replica of n,. This output is subtracted from the primary 
input s +n, to form the system output, s +n, — y [27] (Figure 17.15). 

The fundamental components in the load current and the AC source voltage are mutually correlated. 
In the detecting system in Figure 17.15, the AC source voltage is used as the reference input and the load 
current is used as the primary input, that is, the fundamental component acts as the noise while harmonics 
act as the signal. 


Adaptive noise canceler 


Primary input e System 


Figure 17.15 Adaptive noise canceling concept [27] 
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Figure 17.16 Capacitor voltage control technique 


17.10.6 Capacitor Voltage Control 


This technique depends on regulating the DC-bus voltage of the power inverter [34]. Harmonic extraction 
is performed using the capacitor voltage control as in Refs. [28, 36—39]. This technique is based on power 
balance, where the supply real power should be equal to the load real power plus the inverter losses. To 
maintain power balance, the capacitor should instantaneously compensate for the difference between 
the supply and the load power (Figure 17.16(a)). Controlling the capacitor voltage using a PI controller 
results in an output that is proportional to instantaneous power balance changes. Multiplying this output 
by the per-unit voltages of the PCC results in the reference supply current. With this concept, the control 
circuit can be significantly simplified. For obtaining a balanced current under nonideal mains voltages, 
only the fundamental positive sequence of the grid voltage (v,,,) is used as the phase reference to calculate 
the desired mains current. 


e,» €, and e, are the sensed three-phase voltages. Therefore, u,, u, and u, can be defined as follows: 


a 


Ca ep e. 
u, =, u=- and u= (17.32) 


sm Vm sm 


The reference supply current can expressed as 


fe PONE 
Da = lmla Gp = Lym 


u, and i*, = Ipu (17.33) 


smc 


17.10.7 Time-Domain Correlation Function Technique 


Enslin [11] proposed division of the apparent power into two orthogonal components, namely real power 
and fictitious power. Fictitious power is also subdivided into two orthogonal components: reactive and 
deactive power using correlation techniques. Enslin uses autocorrelation to calculate the rms values of 
the measured currents and voltages over the period T. Cross-correlation between the current and voltage 
over the period dT is used to calculate the active power. The autocorrelation is defined as 


R,,(t) = = i . v(t) - v(t — t) dt (17.34) 
From Equation (17.34), the voltage rms is defined as 
V =(R,,(0))2 (17.35) 
The cross-correlation is i 
R(T) = if v(t) - i(t — T) - dt (17.36) 
From Equation (17.36), the active power can be defined as 


P =R (0) (17.37) 
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So the active current component is 
‘ P 
i (= y - v(t) (17.38) 


17.10.8 Identification by Fourier Series 


A periodic current i(t) with a zero DC value can be represented [40] by 


i = J la, cos(ne,t) + b, sin(ne,t)] 


n=1 


where œp is the fundamental angular frequency. With a numerical implementation of a moving Fourier 
series, the coefficients become 


k 


éin= = È iGT,)cos(na,jT,) (17.40) 
j=k-(N-1) 
2 k 

b= $, i(iT)sin(na,jT,) (17.41) 
j=k-(N-1) 


where T, is the sampling period and N is an integer. Or recursively, 
a,(k) = a,(k — 1) + <[ikT,) + i((k — N)T,)| cos(n@,kT,) (17.42) 
bk) =b,(k- 1) + <[ikT.) + i((k — N)T.)] sin(nw,kT,) (17.43) 


with N = T,/(2T.). The identification response time corresponds to half the fundamental period. In this 
way, the individual current harmonics can be identified. 


17.10.9 Other Methods 


A method to generate the current reference for shunt APFs is presented in Ref. [41], which uses a neural 
network to extract the fundamental sinusoid from a distorted load current waveform. In Ref. [42], an 
artificial neural network (ANN) with a large number of inputs and neurons is used, where the harmonic 
estimation uses training to determine the weights for different neurons. In Ref. [43], an adaptive neural 
network is used to determine adaptively the fundamental and harmonic components, instead of training 
the neurons. The application of DFTs and FFTs for harmonic current extraction can be found in Ref. 
[44]. However, the recursive discrete Fourier transform (RDFT), presented in Ref. [44], can renew the 
spectrum values immediately after input of a new data set. Thus, the RDFT is more suitable for real-time 
implementation than DFT and FFT. The Kalman filter uses a mathematical model of the states to be 
estimated and a Kalman filter recursive estimation algorithm is presented in Ref. [45]. Wavelet bases 
are based on the definition of the active and reactive powers in the time-frequency domain using the 
complex wavelet transform [46]. The sub-band of interest is the one that covers the fundamental. 


17.11 Shunt Active Power Filter 


The shunt APF [47—61] is the most widely used type of filter. It acts as a harmonic current source that 
injects same magnitude antiphase current to eliminate the load harmonic and reactive components of the 
current. Figure 17.17 shows the shunt APF single-line diagram. 


556 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


Figure 17.17 Shunt APF single-line diagram [62] 


There are two important controlling parts in the shunt APF design [62-67]. The first is the harmonic 
extraction technique that has been discussed earlier in this chapter, and the second is the current con- 
trol technique. The current control technique can be a predictive current control technique [43, 63], 
ramp comparison current control technique [43], or hysteresis current control technique [43]. The ref- 
erence currents can be the harmonic current to be extracted (active filter current) or the supply current 
(grid current), to be as near as possible to a sinusoidal waveform and if needed with unity power factor. 
Figure 17.18 shows a block diagram for the shunt APF using instantaneous reactive power theory as 


Figure 17.18 Block diagram of shunt APF using instantaneous reactive power theory 
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Figure 17.19 Block diagram of shunt APF using capacitor voltage control 


the HCET. Figure 17.19 shows a block diagram for the shunt APF using the capacitor voltage control 
as the HCET. Figure 17.20 shows a block diagram for the shunt APF using the synchronous reference 
frame as the HCET. 


17.11.1 Shunt APF Modeling 


As shown in Figure 17.18, the inverter output line voltages are expressed as follows: 
Van) = Voc (ð) + [s4 = Sp] 
Va-(t) = vpe (ð - [s, — s.l 
Vealt) = Vpc() - [s, — 54] (17.44) 


where s,, S$, and s, are the switching states of the upper inverter switches, which are “1” for the on-state 
and “0” for the off-state. v(t) is the instantaneous capacitor voltage. For balanced supply voltages 
and equal interfacing inductances, the APF voltages with respect to the neutral point of the supply are 
defined as 


v,,(8) = nO) -v (0] 
vn = Sval) - vp ®] 


Vent) = Hval) = Vy ®] (17.45) 
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Figure 17.20 Block diagram of shunt APF using synchronous reference frame 


From Equations (17.44) and (17.45), the phase-to-neutral voltages are as follows: 


Va = FVO [2°85 = 85 sd 
Val = Fpl)“ [2 +5, = 9, = 51 


Vin (t) = spel) -[2- Se T Sa T Spl 


The three active filter currents 7,, i, and i, can be expressed as 


di (t) 
L =o Van À — e,(2) 
di, (t) 
L X = v,,(f) — e(t) 
di (t) 
L- = vD = e(t) 
Substituting Equation (17.45) into Equation (17.45) yields 
di, 1 
L-i = 3 cl) [2-5 5, sel- eg 
di 1 
L 7 = 3¥cl) [2 5, = sa = 5.1 — e50 


di) 1 
L= = 3¥ cll) [2 se = Sa = 55] = E) 


(17.46) 


(17.47) 


(17.48) 
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Equation (17.48) shows three independent currents. In simulation, the three currents must be checked to 
sum to zero. Equation (17.48) cannot be used for either unbalanced supply voltages or unequal interfacing 
inductances. The capacitor current can be expressed in terms of the filter currents i, i, and i, as follows: 


inc) = [2s, — 1] -i,@ + Bs, — 1] -i + 2s, - 1] -1.@ (17.49) 
The DC voltage is 
dVpc(t 

ipc = -C- ol (17.50) 

dt 

Substituting Equation (17.48) into Equation (17.49) yields 

dvpc(t) ; ; ; 

-C. i ~ (2s, — 1] -i,() + [2s, — 1] < i£) + [2s, — 1] - i(t) (17.51) 


Equations (17.48) and (17.50) represent the state-space model in the form 


X=A:C+B-U (17.52) 
where A, B and U are defined as follows: 
2:°S,—5,— 5, 
0 0 0 
3-L 
0 6 0 2°5,-5,- 8, 
= 3-L 
nem 2S, == 8, 
0 0 0 ZÍ 
1-2-s, 1-2-s, 1-2:s, D 
C C C 
—1 
— 0 0 
j L 
o o Z o Ea (0) 
= TD , B= L i and U =| e,(t) 
G == e(t 
0 0 0 = KO) 
0 0 


Better shunt APF performance can be obtained by increasing the switching frequency, sampling fre- 
quency and capacitance, but there are limitations. 


(i) Increasing the switching frequency increases the semiconductor switching losses. 
Gi) The sampling frequency depends on the execution time of the control algorithm. 
(iii) Increasing capacitance increases the size and cost of the capacitors. 


Therefore, the lowest capacitance and switching frequency of acceptable filtering operation, to meet 
the IEEE-519 standards, is the main goal. In symmetrical PWM, the sampling frequency is the same as 
the switching frequency, while it is twice the switching frequency in asymmetrical PWM. 

The rapid development in power electronics is expected to provide a solution to the limitations/ 
problems faced with APF design and proliferation, especially in the medium voltage range. In APF 
design, several factors should be considered, for example, buffering element, semiconductor devices, 
bandwidth, interfacing inductance, control technique employed and harmonic current extraction tech- 
nique. In VSI, the buffering element is a capacitor while it is an inductor in CSI. In APF, the grid voltage 
level, connected nonlinear load and switching frequency of APF determine the size and cost of the 
required capacitor or inductor for either VSI or CSI. Also, the limitation of ripples should be considered 
to avoid thermal overloading of the capacitors or inductors. The semiconductor device type and its 
rating justify its employment in APF. In VSI-based APF, a semiconductor device with its freewheeling 
diode is needed, while in CSI-based APF, a semiconductor device with a blocking voltage capability 
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Table 17.6 The system parameters (simulation and 
practical implementation) 


Parameter Value 
Voc 400 V 
Supply voltage 110V 
Cc 2200 uF 
L 10 Mh 
Sampling frequency 24.42 kHz 
Switching frequency 12.21 kHz 
Diode bridge load 70Q 
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Figure 17.21 Simulation results: (a) load current, (b) supply current and (c) active filter current 


is needed. As the rating of the semiconductor device increases, its switching frequency capability 
decreases. Extending the range of the semiconductor devices can be achieved through a series or 
parallel connection of semiconductor devices. Also, multilevel configuration is a route for extending the 
range. Hybrid configuration can be achieved by using passive filters combined with APF, as presented 
earlier in this chapter. The state-space model of the active filter is simulated using Matlab/Simulink. 
The parameters used in the simulation (and also the practical) are shown in Table 17.6. The nonlinear 
load is a three-phase uncontrolled bridge rectifier feeding a 70 Q resistive load. Figure 17.21a—c shows 
the load current, supply current, active filter current and inverter output line voltage and its spectrum, 
respectively. 

Figure 17.22 presents the load current, supply current, active filter current and DC voltage for a sudden 
reduction of the loading by 50% at 0.6s. Figure 17.23 shows the load and supply currents after compen- 
sating the harmonic current by the shunt APF. Figure 17.24a—c shows the practical results for the load 
current, supply current, active filter current and inverter output line voltage with their spectra. 


17.11.2 Shunt APF for Three-Phase Four-Wire System 


The main source of harmonic currents produced by single-phase nonlinear loads is the switch-mode 
power supplies in computers. These switch-mode power supplies are connected between phases to neutral 
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Figure 17.22 Simulation results for decreasing the loading by 50%: (a) load current, (b) supply current, (c) active 
filter current and (d) DC voltage 
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Figure 17.23 Practical results for the load and supply currents (5 A/div) 


in a three-phase four-wire system introducing zero-sequence harmonics (triple harmonics), which results 
in neutral current increase. In order to mitigate this sort of harmonics, another configuration for the 
APF dedicated for four-wire applications can be employed. In three-phase four-wire shunt APF applica- 
tions, two main topologies for VSI-based APF are commonly used, namely the four-leg three-phase APF 
and the three-leg split capacitor APF. These two configurations were presented in the early 1990s. The 
four-wire shunt APF offers better output voltage control, but at the expense of having greater complexity 
(e.g., 3D SVM instead of conventional SVM) for proper current controllability. 

The three-leg split capacitor APF has only three legs, which reduces the complexity in current control; 
however, the zero-sequence current path is the DC capacitors, which adds a degree of unbalance to the 
capacitor voltage. Figure 17.25 shows a block diagram for the four-wire shunt APF, while Figure 17.26 
shows the block diagram for the split capacitor shunt APF. 
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Figure 17.24 Practical results: (a) the load current and its spectrum (5 A/div), (b) the supply current and its spectrum 
(5 A/div) and (c) the active filter current and its spectrum (2.5 A/div) [62] 
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Figure 17.25 Four-wire three-phase shunt APF block diagram 


Figure 17.26 Split capacitor three-phase shunt APF block diagram 


564 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


In balanced and sinusoidal voltage conditions, harmonic and reactive power mitigation can be 
obtained using all the harmonic extraction techniques mentioned earlier [52]. Nevertheless, in dis- 
torted/unbalanced grid voltage, the harmonic extraction techniques differ in their ability to extract the 
compensating currents. 

The main objective of the harmonic extraction technique is to get the supply to deliver only the average 
active power required by the load. Moreover, the source should not deliver the zero-sequence active 
power, that is, the voltage at the PCC will not contribute to the source power. Therefore, in cross-vector 
theory, the required supply currents (after being compensated) can be expressed as follows 


in) , (9 9 vp ~vey{?* Po 
l= z V “VY 9 Vo 0 (17.53) 
ip Voap Vp Va o 0 0 
where 
Vine =v +v (17.54) 
while in capacitor voltage control, the targeted source current can be expressed as follows [52] 
ig -= [v 
+ 0 
p a2 l (17.55) 
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where (vå, poc is the DC component of vo 


while in a synchronous reference frame, the targeted source current can be expressed as follows [52] 


iy 
il-12 1 y (17.55) 
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An alternative is to consider the fundamental positive sequence of the voltage at the PCC. The supply 
current (after being compensated) should be in phase with this voltage. Therefore, the supply reference 
current can be expressed as follows [52]: 


iy ae 0 
+ 
i l= P*Po_ vt (17.56) 
k vt? + +2 4 
ig la 12 (vi 


17.12 Series Active Power Filter 


A series APF [68-80] is connected in series in the distribution system to compensate for current and 
voltage harmonics, and voltage unbalance through acting as a series-connected voltage source or a 
series-connected impedance. The series-connected impedance will act as a harmonic isolator, preventing 
the harmonic from flowing by introducing an infinite impedance at the tuned frequency of the harmonic 
component to be compensated and presenting a zero impedance at the fundamental frequency, permit- 
ting the fundamental current flow. The series-connected voltage source operation will compensate the 
disturbance (harmonics unbalance, etc.) in the grid voltage by injecting the required voltage vector(s). 
The principle of operation is the dual of that of the shunt APF. It can compensate voltage unbalance, 
voltage distortion, current distortion and voltage sag. Based on the nature of the disturbance and the 
required action, the series APF injects a voltage vector to be added to the grid voltage to achieve the 
assigned task. Practically, the series APF is connected in the distribution system with parallel passive 
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Figure 17.27 Block diagram of series APF 


filters in order to enhance the passive filter performance and mitigate the problems they introduce into 
the distribution system. In this case, the series APF compensates for current system distortion caused by 
nonlinear loads by inserting a high impedance path for the harmonic current, which forces the harmonic 
current to pass through the passive filter connected in parallel with the load. The high impedance intro- 
duced by the series APF is generated through a voltage of the same frequency as the current harmonic 
component is to be compensated. Voltage imbalance is compensated by compensating the negative- and 
zero-sequence components of the system fundamental frequency. Figure 17.27 presents a block diagram 
for the series APF. The series APF is effective in compensating voltage harmonic sources. The main dis- 
advantage of the series APF is that the inverter has to be rated at the full load current. The series APF is 
mainly a voltage-controlled VSI. Nevertheless, another type of inverter such as a CSI can be employed. 
Instantaneous power theory is employed as the harmonic voltage extraction technique. There are several 
configurations for the so-called hybrid filters (series APF and passive filters). The rating of the series 
active filter depends mainly on the voltage vector to be injected, as the current that the series APF carries 
is the line current. Figure 17.28 shows a series APF with parallel passive filter. The passive filter consists 
of three main stages: third-order harmonic, fifth-order harmonic and high-pass filter. 


17.13 Unified Power Quality Conditioner 


The main objective of the UPQC [81-85] shown in Figure 17.29 is to compensate for voltage har- 
monic/unbalance/flicker, reactive power, negative sequence current and harmonic currents, therefore 
enhancing the power quality at the PCC in the distribution system. A UPQC is a device that is simi- 
lar in its configuration to the unified power flow conditioner (UPFC). The UPQC is typically a combined 
shunt APF and series APF connected back-to-back from the DC side. The capabilities of the two APFs 
(shunt and series) are inherited into the UPQC, performing both the shunt and series compensation. The 
main drawback of the UPQC is its complexity and high cost. 
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Figure 17.28 Hybrid filter (combined series APF and parallel passive filter) 


Grid 


Shunt APF Series APF 


Figure 17.29 UPQC 
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The UPQC can be classified based on configuration (single-phase, three-phase three-wire, three-phase 
four-wire, etc.). It can also be classified based on converter type (voltage source-based, current 
source-based, etc.) 

As explained earlier in this chapter, the shunt APF is employed for mitigating the current-related power 
quality problems, whereas the series APF is employed for mitigating voltage-related power quality prob- 
lems. 

If a distribution system is experiencing a lower quality supply voltage and current, installing a UPQC is 
a more cost-effective device than using two separate devices (shunt APF and series APF) to compensate 
for low-power quality. The main function of the UPQC is to compensate for supply voltage quality 
issues such as sags, swells, unbalance, flicker, harmonics and for load current quality problems such as 
harmonics, unbalance, reactive current and neutral current. 

Figure 17.29 shows a single-line diagram of the UPQC system configuration. The UPQC consists of 
the following system components: 


e Two back-to-back inverters where one is connected across the load and acts as a shunt APF and the 
second is connected in series and acts as a series APF. 

e A shunt interfacing inductor which is used to interface the shunt APF to the grid. It acts as a first-order 
filter to smooth inverter output current. An isolation transformer may be used for electrical isolation 
of the inverter. 

e Acommon DC link (either a capacitor for a VSI or an inductor for a CSI). 

e An LC filter that acts as a low-pass filter to eliminate the high-frequency switching ripples. 

e The series-connected transformer used to interface the series APF to the grid. 


In the UPQC, the shunt APF is controlled in current control mode to track the reference current 
generated by the shunt APF control algorithm. For example, in order to mitigate the current harmonic 
components, the shunt APF should inject a current based on the following equation: 


ið = ËO- i, (1) (17.57) 


where i,,-(t), I(t) and i, (¢) represent the shunt APF current, reference source current and load current, 
respectively. 

The series APF is controlled in voltage control mode to generate a voltage in series with the sup- 
ply to achieve the referenced voltage at the PCC. The principle of operation of the series APF can be 
summarized as in the following equation: 

Velh = vit) — vA) (17.58) 


ser 


where V (f), v;(¢) and v,(¢) represent the series APF voltage, reference load voltage and supply voltage, 
respectively. 

The UPQC can be classified based on the number of phases/wires, such as three-phase three-wire, 
three-phase four-wire, and single-phase two-wire. In a single-phase system, the reactive and harmonic 
currents are the components of interest (to be compensated). In a three-phase three-wire system, the reac- 
tive, harmonic and unbalance current components are of interest (to be compensated). The three-phase 
four-wire system has an additional function for neutral current mitigation. The UPQC can be classified 
based on configuration into a left-shunt UPQC and a right-shunt UPQC. This is based on the location 
of the shunt APF with respect to the series APF. The right-shunt UPQC has the shunt APF connected at 
the PCC, then the series APF between the PCC and the supply, while the left-shunt UPQC has the series 
APF connected between the PCC and the supply and the shunt APF is connected at the point between 
the series APF and the supply. The most commonly used topology is the right-shunt APF, as the current 
flowing through the series transformer is sinusoidal, and thus a better UPQC performance is introduced. 

The UPQC is simulated using Matlab/Simulink. The load is a three-phase uncontrolled rectifier bridge 
feeding load of 70 Q. The supply is a three-phase balanced supply of 110 Vrms at 50 Hz but distorted 


568 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


T if T if T T i T T 
Z Pole ee le E S 
em Pe eee ed 
D TOE EEE A ER A 
= 300þ}---- +----4----- b----4----4----- be---4----4----- +----4 
B opp E tle eet tee SE enc AEN EE AEA AO 
= T q F T ij r i i Tv T: 
8 1 1 1 1 1 1 1 1 1 
& 100Ẹ---- [ine EE amet one eee EE EE E 
04 0.42 044 046 0.48 0.5 0.52 0.54 0.56 0.58 0.6 
Time (s) 
(a) 


Load current (A) 
Supply current (A) 


Time (s) 


(c) (d) 


ge (V) 
Ss 
S 


pply voltage (V) 


HOP e teeta i ety 
DOOKU MIX} 


Deere yt breti tected tier t lente 
0 ar AVN 


DOONAN 
OOOO OOOO OOOO 


a) 
OOOO 


Series filter volta; 


L 
Ss 
S 


Distorted su] 


0.55 0.56 0.57 0.58 0.59 0.6 
Time (s) 


(f) 


Filtered supply voltage (V) 


Time (s) 


(g) 


Figure 17.30 UPQC simulation results: (a) the DC voltage, (b) the three-phase shunt APF currents, (c) the 
three-phase load currents, (d) the three-phase supply currents, (e) the three-phase supply voltage, (f) the three-phase 
series APF voltages and (g) the three-phase supply voltages after being filtered 


with 10% fifth-order harmonics. The supply impedance is 0.1 mH. The shunt APF acts to control the 
DC capacitor voltage and to cancel the harmonic currents injected by the nonlinear load. The capacitor 
voltage harmonic extraction technique is employed for extracting the harmonic currents. The shunt APF 
is interfaced to the grid through a 1: 1 transformer. The switching frequency of the shunt APF is 12 kHz, 
as also for the series APF. The series APF acts to cancel the harmonic voltages to make the voltage 
at the PCC pure sinusoidal. The series APF is connected through an LC filter of 20 F and 2 mH and 
a transformer of 1:10 turns ratio. The synchronous reference frame harmonic extraction technique is 
employed for harmonic voltage extraction. Figure 17.30 presents the simulation results of the UPQC. 
Figure 17.30(a)—(g) presents the DC voltage, the three-phase shunt APF currents, the three-phase load 
currents, the three-phase supply currents, the three-phase supply voltage, the three-phase series APF 
voltages and the three-phase supply voltages after being filtered, respectively. 
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18A.1 Background 


The basic ideas of hardware-in-the-loop (HiL) systems with power electronics (PHiL systems) are dif- 
ferent from the usual HiL systems (HiL systems), because PHiL systems include real energy flow in 
the simulation. This provides some special features, which are presented in an example of a three-phase 
electric load for industrial voltage source inverters (VSIs) for AC-drive applications. For this purpose, 
the inverter under test (IUT) is not connected to a real machine, but to a second inverter or invert- 
ers instead, which behaves like an electrical machine. The overall modulation frequency owm) of the 
so-called Virtual Machine is increased by sequential switching of parallel-connected standard inverters. 
The parallel-connected inverters can be of the same type as the IUT; hence, there exists no power limit 


for the drive inverter testing with respect to the product range of the manufacturer. 


18A.1.1 Hardware-in-the-Loop Systems in General 


The application of hardware-in-the-loop (HiL) systems has become “hyped” during the last decade. In 
particular, HiL systems with power electronics (so-called power hardware-in-the-loop (PHiL) systems) 
have become the focus of power engineers. The difference from HiL systems used some 20—30 years ago 
is that PHIL systems integrate real energy motion in the simulation. Originally, HiL systems were used 
to test products such as Programmable Logic Controls (PLCs) before delivery to market. The product 
under test was connected to a HiL system, whose main purpose was to provide digital and analog com- 
munication signals in the same way that the real world would provide it once the product was in the field. 
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During this test, the proper (signal processing) performance of the hardware included in the simulation 
system had to be assured. However, modern PHiL systems have a different background purpose. It not 
only simulates the signals (analog or digital) of the hardware under test, but also has the possibility to 
include real energy in the simulation process. 

Usual simulation programs deal with numbers and respective mathematical equations only. Any phys- 
ical restriction or limitation has to be considered by a respective model. Any mistake in the model results 
in failures during simulation. The physical behavior of energy has some specific characteristics. Includ- 
ing real energy in the simulation process would consider these natural characteristics without the need 
for designing a respective simulation model. 

Power electronics provide the possibility of including real energy in the simulation without “loosing” 
it during the process. Shifting energy from one storage device (inductance, capacitance, etc.) to another 
and feeding back the respective physical quantities to the simulation program results in a PHiL system 
with real energy as a part of the simulation. 

The following sections consist a report on experiences with a PHiL system used for the simulation of 
electrical machines for testing power electronic products. 


I8A.1.2 “Virtual Machine” Application 


Power inverter testing (e.g., a burn-in test) before the product is delivered to the customer is an important 
issue for the avoidance of early failures in the customers’ application. Generally, the manufacturer of 
power inverters for drive applications has to use a multitude of different electrical machine units (see 
Figure 18A.1) to emulate the industrial application as close as possible to reality. However, in most 
cases, the inverter under test (IUT) is connected to a machine under no load condition. Thus, the inverter 
operates just for a short time during acceleration and deceleration at maximum power, and sometimes not 
even that. Therefore, with respect to the very different time constants of electrical machines and power 
electronics, the inverters are usually oversized. Hence, the IUT is not really tested at real power levels 
and, in fact, this type of testing is more stressful for the electrical machine than for the IUT. 

An alternative method is to connect the IUT to an electrical test bench — a so-called virtual machine 
(VM) — instead of a real machine [2—7]. In fact, this is a hardware-in-the-loop system with power elec- 
tronics (PHiL). As a basic idea, the power stage of the VM can be equal to that of the IUT, for example, 
a two-level voltage source inverter (VSI) in the product power range. For energy saving, an active front 
end might be connected to the inverter of the VM. 

A specific drawback of the concept, according to [5], is the need for a complex filter between the 
TUT and the VM in order to avoid the proportional-integral (PI)-current controllers of the IUT and VM 


Figure 18A.1 Final test of power electronics products (drive inverter) [1] 
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Figure 18A.2 Schematic of the test bench: (a) IUT with the superimposed controller (b) VM comprising a second 
inverter, an active front end and the control structure [1] 


operating against each other. Another approach is described in [7], in which the requirement for a special 
filter is avoided; however, the IUT can only operate under open-loop control, for example, v/f control 
because the current is already controlled by the VM. 

However, inverter manufacturers want to test the complete drive inverter, that is, the inverter in inter- 
action with the control unit, which in most cases is a field-oriented control. To overcome the drawbacks 
mentioned earlier, a different approach is presented here. The proposed setup consists of another power 
inverter, an active front end and appropriate coupling inductances, as illustrated in Figure 18A.2. The 
VM has to behave at the output terminals like a real machine in order to emulate the respective electrical 
machine. For this purpose, a digital signal processor (DSP)-based control system calculates the machine 
states depending on the outputs of the IUT and modulates the respective response of an electrical machine. 
This approach in the behavior of the VM is identical to the characteristics of a real machine. 


18A.2 Increasing the Performance of the Power Stage 


As the VM has to enforce a specific behavior of voltages and/or currents to the IUT, the performance 
of the VM must be slightly superior to that of the IUT. There has to be slightly higher DC-link volt- 
age to impress any current, as defined by the machine model, and there has to be higher dynamics to 
overrule the dynamics of the IUT. A slightly higher DC-link voltage is not really a problem, because an 
increase by some 20—50 V is more than sufficient. The tolerances and reserves of most inverter prod- 
ucts are sufficient to allow this modification. Thus, all that is needed is just an adjustment of the control 
parameters. 

However, higher dynamics require higher switching frequency. A doubling or tripling of the switching 
frequency in an industrial inverter is not simple, because the thermal design of the inverter product is 
already done with limited reserves; therefore, it cannot allow steady-state operation at significantly higher 
switching frequencies. To overcome this problem, the concept of “sequential switching” is used within 
the VM. 


18A.2.1 Sequential Switching 


Sequential switching is a well-known concept for increasing the switching frequency [8-16], especially 
in boost converters. The basic idea is to use parallel power devices and to switch them sequentially; the 
first pulse will switch the first device, the second pulse will switch the second device and so on (see 
Figure 18A.3). This concept distributes the switching losses to all the devices in parallel. 
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Figure 18A.3 Sequential switching of parallel power devices in a voltage source inverter [1] 
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Figure 18A.4 Example of pulse sequence for sequential switching of paralleled power devices [1] 


In this concept, the switching losses of each semiconductor device can be reduced without decreasing 
the pulse-width modulation (PWM) frequency of the complete inverter. On the contrary, the modulation 
frequency of the parallel-connected devices can even be increased, because the PWM frequency of the 
complete inverter, consisting of three power stages in parallel, is three times the switching frequency of 
each individual power device (Figures 18A.3 and 18A.4). 

Regarding the increased material cost of the solution with paralleled power devices, this concept is 
mainly interesting for projects with low piece numbers and high development effort. With this back- 
ground, a test bench for drive inverters — a “Virtual Machine” — is an excellent application. 

The expression “interleaved switching” is used in the literature [8—16] in two different ways. In some 
papers, “interleaved switching” is used to describe a concept where a power device is switched on while 
the corresponding device is still in a conductive condition. The gate signals are really “interleaving.” 
In most cases, however, especially with respect to boost converters, “interleaved switching” is used to 
describe the situation where parallel power devices are never operated in parallel. Any particular power 
device is switched on only as long as all other corresponding devices are turned off. In fact, the expression 
“interleaved switching” does not describe this concept properly; a more correct description is “sequential 
switching.” 
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Applying this concept to a structure of three parallel insulated-gate bipolar transistors (IGBTs) 
(Figure 18A.3), the switching frequency of each power device is only a third of the total switching 
frequency (Figure 18A.4). The PWM pulses are not transferred to the IGBT gates simultaneously, but 
sequentially. While pulse no. 1 is activating IGBT T,, pulse no. 2 activates IGBT T, and pulse no. 3 
activates IGBT T;. In this example, sequential switching reduces the switching frequency of each power 
device to a third of the switching frequency of the complete inverter. 

In Figure 18A.4, the maximum switching-on period T „ of each semiconductor is limited to one-third 
of the switching period T, Even with a modulation index of 100%, the conduction period of each power 
device only encompasses a third of the complete conduction period. This fact provides some additional 
thermal reserve in the power stages, which could be used to increase the switching frequency further. 

In contrast to the active devices (e.g., the IGBTs), the diode in Figure 18A.3 operates at full load 
and PWM frequency all the time. This is the reason why “interleaved switching” is so far only used in 
DC/DC applications, where there is no paralleling of the freewheeling diodes. However, in the case of 
a three-phase VSI, it is not possible to bring the reverse diodes to a sequential switching mode without 
additional provisions. The concept of “magnetic freewheeling control” is a proper solution for that. 


18A.2.2 Magnetic Freewheeling Control 


Using standard IGBTs in parallel, it is possible to realize inverters for higher switching frequencies than 
usual. Current load and thermal losses are split between the paralleled devices. Parallel connecting of 
complete inverters is even more advantageous for small- and medium-sized enterprises (SMEs), because 
this avoids the design effort for special inverters for high switching frequencies. The concept of sequential 
switching, however, causes some problems with respect to the freewheeling diodes integrated in each 
IGBT device. These diodes are connected in parallel as well, but they cannot be switched actively. With 
respect to statistical tolerances, the diodes do not have identical characteristics. Consequently, the diode 
with lowest internal resistance will accept a major part of the load current and heat up more than the others 
do. Owing to the negative temperature coefficient, the electrical conductivity of this specific device will 
“improve” even more, resulting in an even greater part of the load current. This effect will continue to 
increase until overload and possible destruction of the specific diode. 

Of course, it would be possible to use controllable devices like thyristors instead of diodes, which would 
also guarantee sequential switching during the “freewheeling” periods. In this case, however, standard 
IGBT modules could no longer be used and a special design of the power stage would be necessary. 

To make standard IGBT modules with integrated freewheeling diodes usable for sequential switching, 
there must be an apparatus providing the freewheeling current to flow through the parallel diodes in the 
same sequential scheme as in the paralleled IGBTs. This can be obtained by a rather simple magnetic 
concept called “magnetic freewheeling control” [1, 17—20]. 

To achieve the behavior of magnetic freewheeling, the windings of the coupling inductor are split 
to several parallel coils mounted on the same magnetic core. Each IGBT/diode branch is connected 
separately to one of the coils; all coils of a half-bridge use the same magnetic core (see Figure 18A.5). The 
coupling inductor is necessary and used between the IUT and the VM (Figure 18A.2) and the realization 
of magnetic coupling of the inverter output phases is only a moderate modification of the decoupling 
inductance. 

The basic idea is presented in Figure 18A.5. The internal freewheeling diodes (marked as D,, D}, D3), 
which are integrated in the IGBT modules and therefore connected in parallel as well, are coupled by an 
inductor with separate coils. The inductance for the magnetic freewheeling control (shown here as the 
series connection of an ideally coupled inductance L,, and a stray inductance L,) must handle the high 
switching frequency of the current pulses. The main (mutual) inductance L,, guarantees the load current 
commutating from one power device to the next, as well as the decoupling of the IUT and the VM (note: 
in the latter application, point “A” is connected to the IUT). The leakage inductance L, of each output 
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Figure 18A.5 Basic circuit for “magnetic freewheeling control” [1] 


phase is a significant part of the magnetic freewheeling control concept. The following aspects have to 
be considered for designing the inductance: 


e A significant leakage inductance guarantees that the load current will not commutate to an improper 
freewheeling path during turn-off of the IGBT. 

e The commutation time for the load current from one power device to the next is proportional to the 
values of the leakage inductances involved. 

e During turn-off, the leakage inductance interacts with internal capacitances of the diode. 


In addition, any parasitic leakage inductance in each phase, which is inevitable when connecting com- 
plete inverters instead of single power devices or inverter branches/legs, must not disturb the magnetic 
freewheeling control, but it can be considered when calculating the complete leakage inductance per 
phase. Of course, a well-balanced value of mutual and leakage inductances must be chosen in order 
to guarantee the commutation of the load current from the previous to the next inverter, as well as the 
sequential switching of the antiparallel diodes by magnetic freewheeling control. In this manner, the mag- 
netic freewheeling control (according to [17—20]) forces the load current to flow during the freewheeling 
periods only through the diode corresponding to the IGBT that was switched on before. 

Figure 18A.6 demonstrates the experimental results of the circuit shown in Figure 18A.5 and shows 
clearly that the freewheeling current is flowing through each diode during each third pulse only. There is 
only a very small current in the diode when one of the parallel diodes is in duty. During the conductive 
pulses (each third only), the major part of the load current has to be carried by the respective freewheeling 
diode. Nevertheless, a small part of the load current commutates to the other two freewheeling diodes, 
which should not be active. However, this current does not contribute significantly to the switching losses 
or to the conduction losses of the diode. and hence it can be neglected. 

The “magnetic freewheeling control” concept allows sequential switching of the freewheeling diodes 
by a magnetic coupling between the individual parallel-connected IGBTs. This can be used by specially 
designed power stages with paralleled IGBT modules mounted rather close together on a heat sink (see 
Figure 18A.7). The concept, however, is assigned to the sequential switching of complete inverters just 
by connecting them by cables and it is applicable to standard three-phase VSIs as produced by many 
manufacturers [17]. The respective structure is presented in Figure 18A.8. 

Each output phase of the several inverters is connected separately to one coil. Owing to the leakage 
inductance between the coils, it is possible that the load current does not commutate to all diodes of 
the parallel inverters, but to the freewheeling diode in the same arm with another conducting IGBT. If 
the IGBT of the next inverter is turned on, the load current commutates from the previous to the next 
inverter supported by the mutual inductance of the common core. The size of the inductance does not 
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Figure 18A.6 Experimental freewheeling current in a setup of three parallel IGBT modules with magnetic 
freewheeling control [1] 
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Figure 18A.7 Inverter branch/leg with five paralleled IGBT modules 


increase significantly in comparison with the usual choke, because the magnetic circuit is identical to an 
inductance with a single coil. 

As an additional benefit, the concept of magnetic freewheeling control enables power electronics 
manufacturers to increase the power range of their products without using specially designed power 
devices. In particular, small- and medium-sized companies can use it as a tool to enhance the range of 
their products based on the same power electronic components (e.g., standard IGBT modules) that they 
use anyway. 
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Figure 18A.9 Soft switching during “magnetic freewheeling control” (a) IGBT current and (b) diode current [1] 


Because of sequential switching, the turn-off process of the diode and the turn-on process of the 
IGBT are decoupled. In fact, this is a soft switching behavior instead of the hard switching during 
load current commutation from one inverter branch to the next. The IGBT switches at zero current (see 
Figure 18A.9), and the diode has a reduced reverse recovery current owing to the limited di/dr at turn-off 
(see Figure 18A.9). During the commutation, the voltage of the diode and IGBT are zero and thus, the 
voltage is shared in the same proportion between the two involved leakage inductances. Therefore, this 
leads to a further decrease in the switching losses. 


18A.2.3 Increase in Switching Frequency 


In the case of five paralleled inverters, the switching frequency of each IGBT is only a fifth of the PWM 
frequency. Furthermore, the maximum turn-on time of the IGBTs is limited to a fifth of the switching 
period of the IGBTs, and thus the conduction losses are additionally reduced. With this reduction of 
the switching and conduction losses, it is possible to increase the power capability and ongoing, the 
overall switching frequency can be increased without overcoming the maximum switching losses of an 
individual inverter. 
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Figure 18A.10 Measured temperature of cooling fins in normal and sequential switching modes. In sequential oper- 
ation, the frequency was changed at t= 16 min [1] 


Figure 18A.10 compares the thermal behavior of a single inverter with that of the sequential switch- 
ing of five parallel-connected inverters with magnetic freewheeling control. Even after increasing the 
switching frequency of the complete setup with five paralleled inverters by 40 kHz, the temperature of 
the heat sink is lower than that for the single inverter (with 8 kHz switching frequency). With respect 
to the effects mentioned earlier (limited duration of conduction losses, soft switching by magnetic free- 
wheeling control), there are additional thermal reserves that could be used to operate with even higher 
switching frequencies. 


18A.3 Machine Model of an Asynchronous Machine 
I8A.3.1 Control Problem 


As the IUT usually comprises a current control as a part of a field-oriented control, another current 
controller within the VM would cause problems. Both current controllers would attempt to control the 
same current, as there is no chance for the current from the IUT to go a different way other than into 
the VM (see Figure 18A.2). The approach according to [5] overcomes this problem by implementing a 
T-filter instead of using a simple inductor between the IUT and the VM. Here, the current has a chance 
to deviate between the IUT and VM, and thus neither current controller affects the other. In this case, 
however, the current in the VM is no longer similar to the current in the IUT; the “Virtual Machine” has 
a significant “leakage current.” 

Another solution is to use a state space controller within the VM, which can “overrule” a PI current 
controller of the IUT. To set up a state space controller, however, special skills are necessary, which are 
not available in many small- and medium-sized companies. 

Another approach is to use a specially designed power stage for the VM [6], but this is also not an 
economical solution for small- and medium-sized companies. 

A very successful solution was the use of an “inverted” machine model, which is described in the 
following section. 
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18A.3.2 “Inverted” Machine Model 


The test bench has to act at its output terminals like a real machine in order to emulate the respective 
electrical machine. As an example, an induction motor has been emulated in this project. To avoid the 
need for a current controller, the model of the electrical machine should not calculate the machine current 
depending on the machine voltage, but vice versa. An “inverted” machine model, calculating the machine 
voltage as a response to the machine current (which is controlled by the IUT), does not need a current 
controller on the VM side. Therefore, the equivalent circuit in Figure 18A.11 has been used to derive the 
rotor-based machine model of an induction motor [21]. According to the voltage response, calculated 
by the “inverted” machine model inside the VM (see Figure 18A.12), the respective induced voltage of 
the induction motor is modulated by the power stage of the VM. This approach avoids any need for an 
additional current controller. 

Nevertheless, this approach is able to represent the characteristics of a real machine. The current 
depends on the stator leakage inductance L,. In our case, this is the coupling inductance between the two 
inverters, which also guarantees the magnetic freewheeling control for sequential switching of the diodes, 
as mentioned in the preceding chapters. The stator current i, yields to a rotor flux ¥, (see Figure 18A.12). 
The machine responds with an induced voltage at its terminals, which depends on the angular velocity 
@ and the rotor flux ¥,. The angular velocity is the integral of the electrical torque minus the load torque 
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Figure 18A.11 Equivalent circuit of an induction machine [1] 
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Figure 18A.12 Current-based machine model for evaluating the induced voltage and the angular velocity of the 
virtual machine [1] 
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Figure 18A.14 Setup of the test bench: (a) the five parallel-connected inverters, the active front end, the coupling 
inductances and the control structure are displayed; and (b) the IUT with the superimposed controller is shown [1] 


(see Figure 18A.12), which is an important quantity, because it simulates different load conditions for 
the VM and serves as input for the superimposed speed controller of the IUT. To emulate this velocity 
for the speed variable drive, an encoder emulator based on an FPGA is implemented. This emulator 
generates the traces of an optical encoder (A, B and zero) depending on the angular velocity calculated 
by the machine model. The output of the emulator is compatible with a standard incremental encoder 
interface (see Figure 18A.13), and hence can be connected to any inverter, which provides an incremental 
encoder input. 


18A.4 Results and Conclusions 
18A.4.1 Results 


Figure 18A.14 shows the block diagram of the complete VM setup used for obtaining the experimental 
results. Figure 18A.15 presents the respective laboratory setup. 
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Figure 18A.15 Laboratory setup: (a) the five parallel-connected inverters together with the active front end are 
located and the coupling inductances are mounted on the back; and (b) there is the IUT [1] 


Figure 18A.16 Virtual machine — five inverters in parallel [1] 


The test setup consists of five industrial standard 14kVA two-level VSIs (see Figure 18A.16) that are 
connected in parallel and switched sequentially. The rated switching frequency is 8 kHz. The calcula- 
tion of the machine model and the generation of the PWM pulses are done by a DSP controller (see 
Figure 18A.17). The PWM pulses are distributed to the various inverters by a field-programmable gate 
array (FGPA). 

The VM can be parameterized via a PC user interface (Figure 18A.18). During the test, the load torque 
can be changed and thus, load steps can be emulated. The parameters of the induction machine emulated 
by the VM are listed in Table 18A.1. The IUT is of the same type as the parallel-connected inverters of 
the test bench and is controlled by a field-oriented control. 
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Figure 18A.17 Real-time system for the VM control [1] 
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Figure 18A.18 Control screen of the virtual machine [1] 


Table 18A.1 Parameters of the virtual machine 


Uy = 380 V m= 81.49 mH 
Ty =22A L, =84.18 mH 
Jy =50 Hz L, = 86.36 mH 
p=2 R =292 mQ 


J=0.01 kg m? R, =232mQ 
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Figure 18A.19 a@-Components of the machine model input current, the rotor flux and the induced voltage and rated 
speed and slight load torque [1] 
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Figure 18A.20 “Load” current and inverter branch current [1] 


The states of the VM at rated speed and slight torque load are illustrated in Figure 18A.19. These 
are direct results from the computation of the machine model (Figure 18A.12). The current shows the 
marks typical of a machine current with VSI supply — nonlinearities of the IUT (voltage drop) cannot be 
compensated completely by the field-oriented control of the IUT. Voltage and flux, however, are exactly 
sinusoidal, as these results are from the calculations of the machine model of the VM show. 

Figure 18A.20 shows the “load current” of the complete VM in comparison with the current in one of 
the five paralleled inverter branches/legs. The current pulses in the power devices can be seen clearly. 

The diagram in Figure 18A.21 shows the stator currents as well as the speed during a speed reversal. 

The oscillogram in Figure 18A.22 shows a speed step from standstill to rated speed. The IUT operates 
in speed control mode. It is obvious that it is only during the acceleration process that the inverter delivers 
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Figure 18A.22 Speed step from standstill to rated speed — g-component of the field-oriented current controller of 
the IUT [1] 


maximum torque. The characteristics of the VM are equal to those of a real induction motor. Currents 
and speeds are presented in field orientation. Figure 18A.23 shows the same situation with currents, 
voltages, and fluxes in stator coordinates. The reference speed is increased slowly and the superimposed 
field-oriented controller of the IUT controls the speed and the output current. The amplitude of the rotor 
flux is kept constant owing to the field-oriented control. As the actual speed increases up until the nominal 
speed, the induced voltage also rises until the nominal value at nominal rotor flux. This is exactly the 
representative of the behavior of a real induction motor. As in Figure 18A.21, all values are calculated 
by the VM. 

Figure 18A.24 displays a load step at rated speed. At time f= 0.08 s, a load change is simulated by the 
VM. The superimposed speed controller of the IUT reacts and the torque current i, makes sure that the 
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Figure 18A.24 Load step from 0% to 75% rated load at rated speed 
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rated speed of the VM can be kept constant. Consequently, the IUT can be tested under real power levels 
solely by adjusting the load torque of the VM. 


18A.4.2 Conclusions 


The report has pointed out that sequential switching is not only applicable to IGBT modules with inte- 
grated diodes mounted closely on a heat sink, but also to complete industrial standard two-level VSIs. 
Thus, the power capability and the overall switching frequency of these products can be increased by 
using several of them in parallel with sequential switching. Using this approach, a novel electrical test 
bench for drive inverters can be set up with a minimum effort on design and development. This provides 
an alternative for manufacturers of drive inverters to test their complete product range under real power 
levels without the requirement for a multitude of real machines. 

The results prove that the presented VM is a HiL system allowing an inverter to be tested at real power 
levels without the need for installing and operating real machines. The VM has the same characteristics 
as a real induction motor. Different machines and their respective load conditions can be emulated by 
software, which means that the drive IUT can operate in its normal mode (as usual). No modification has 
to be done to the inverter or to the control unit. 
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18B.1 Introduction 


Real-time simulation offers several advantages to speed up the development of new product. One of these 
advantages being the possibility to test and develop controllers when the hardware is not yet available. 
This is a serious advantage in the case of high-order multilevel converter, like modular multilevel con- 
verter (MMC) topology. Its physical size could raises serious issues for most laboratories, without even 
mentioning the cost to build such a complex structure. It can also be useful to analyze the interaction 
between several MMC and conventional high-voltage DC (HVDC) systems installed on the same power 
grid. Furthermore, it can perform factory acceptance test of the control system before the installation in 
the field. Nowadays, real-time simulators are often used simply to accelerate simulations, which could 
take several hours for simulation runs of a few seconds with a power grid having two or three con- 
verter stations using conventional single-processor simulation software. This chapter introduces bases 
of real-time simulation: its advantages and its constraints. Using these bases, real-time simulation of an 
MMC will be undertaken. This topology was first introduced in [1], it is made of many identical cells 
connected in series. Its modularity makes it suitable for various applications from medium voltage in a 
drive system using only a few cells [2] to a large HVDC transmission system containing a wide range of 
cells [3, 4]. Connecting many of these cells in series reduces the voltage level that each sustains, decreas- 
ing the price of each component, reducing the switching losses and smaller dV/dt at its AC bus, while 
producing a sinusoidal waveform with a very low total harmonic distortion (THD) eliminating the use 
of bulky reactive component filter. 


I8B.1.1 Industrial Applications of MMCs 


This topology was first tested by ABB in 1997. It consists of a 10 km overhead transmission line with 
a 3 MW capability at +10kV between Hällsjön and Grängesberg in Sweden. It was used as a proof of 


Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications, First Edition. 
Edited by Haitham Abu-Rub, Mariusz Malinowski and Kamal Al-Haddad. 
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd. 


592 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


concept and to establish the capability of this new topology. The MMC was named HVDC light by ABB 
and was first used in a commercial project in Australia between Mullumbimby and Bungalora. Its voltage 
rating was +80kV with a power rating of 180 MW commissioned in 2000. Not long after, Siemens 
commercialized a similar topology as HVDC PLUS. Its first commercial project was a submarine HVDC 
link connecting San Francisco city center to a substation in the Pittsburgh area, and it was commissioned 
in 2010 [5]. 

As of today, MMC projects being built are point-to-point converters only. Though actual HVDC 
networks have been discussed theoretically, protection system for such network still needs to be devel- 
oped. ABB announced in November 2012 that they achieved an HVDC breaker called hybrid HVDC 
breaker [6]. Now that it has been used in a point-to-point setup, it will be tested in HVDC grid and should 
soon be commercialized. These new developments could change the future of power transportation. 


18B.1.2 Constraint Introduced by Real-Time Simulation of Power 
Electronics Converter in General 


Until now, big differences still exist between what can be achieved with standard or offline simulation 
software and real-time simulator. The major constraint is in the time available to solve the differential 
equations. This describes the operation sequences of power electronic circuit. Offline simulation usu- 
ally uses a precise variable-step solver. They will use two different orders of discretization, one higher 
than the other, and will iterate reducing the time step of every iteration until the difference between 
the two solutions coincides within a pre-set tolerance [7]. This process is very efficient for typical sim- 
ulation of system with few disturbances. However, it can be very slow especially in power electronic 
where stiff system with repetitive switching of fast semiconductor needs to be solved. On the other hand, 
real-time simulation uses several processors, operating in parallel and fixed-step solver and has a fix 
period of time to solve the differential equations. If a time step of 50 us is chosen to discretize a system, 
the real-time simulator has to solve the differential equation within that period. Larger model, with more 
state-space equations, will naturally take more time to be solved; in this case, there are very few solutions 
to obtain acceptable results. One can increase the chosen time step, risking instability or inaccuracy. The 
computing power of real-time simulator has increased over the past decade following Moore’s law [8] 
and is suited to simulate relatively small model. However, the real-time simulation of very large power 
system requires to decouple the system in smaller subsystems that can be solved in parallel [9, 10]. 
Nowadays, most real-time simulators will achieve a time step between 10 and 50 us when using several 
general-purpose processors or digital signal processors (DSPs) and between 100 ns and 1 us when using 
field gate programmable array (FPGA). 

In the case of power electronic or circuit that contains fast switching devices, the chosen time step is 
very important since it will determine the accuracy that can be achieved by the pulse-width modulation 
(PWM) circuit to generate the gating signals. A switching frequency of 10 kHz has a period of 100 ps. 
If one chooses the time step of the real-time simulator equal to 50 ps, then there is a maximum of 50% 
error on the time of occurrence of the switching event. Such inaccuracy may produce unrealistic transients 
and harmonics that could be confused with faulty controllers. This has motivated the usage of super-fast 
computer subsystem, where the time step can be reduced further, or an interpolation scheme in order to 
achieve accurate switching frequency [11]. Moreover, this is one of the reasons to justify the use of FPGA 
to solve such a problem and consequently increase the popularity of the technology. FPGA chips operate 
at a 100—400 MHz clock frequency much lower than 2—4 GHz used for the general-purpose processors. 
However, processors are composed of hundreds of DSP blocks operating in parallel to achieve very small 
time step between 100ns and 1 ms. This goal is still not possible with the most powerful commercial 
computer using general-purpose processors because of the processor communication latency. Further- 
more, firing signal of power devices generated from actual power electronic controller can be connected 
directly to FPGA digital input pins, which are connected to the model of the converter simulated in the 


Real-Time Simulation of Modular Multilevel Converters (MMCs) 593 


V 
|| 
-I+ 
L1 v2 R2? vil R1 
< N/V MN 
TAa “LI 
R3 Cl 
= WW | 
Ver 


Figure 18B.1 Circuit illustrating state-space versus nodal approach 


same FPGA. The result is that the total latency between the firing order, measured at the controller output 
and the resulting currents computed by the FPGA model could be less than 200ns to 1 us. Such small 
time delay is acceptable for most controllers working with sampling of 10—100 us and with PWM carrier 
frequency up to about 50 kHz. In such a case, the accuracy will be as good as variable-step solver. Such 
low latency and accuracy cannot yet be achieved using general-purpose computer because of the typical 
latency of the PCI communication system of 2—3 ps. 

Moreover, another important parameter to be considered is the type of modeling technique chosen to 
discretize the circuit. The two main well-known techniques are the nodal and the state-space methods. 
Depending of the circuit topology, one can be more advantageous than the other. Taking shortcut and 
making this simpler than it actually is, time of execution in real-time simulation comes down to the size 
of the matrix and its sparsity; since the latter needs to be inverted each time there is a change in the circuit 
topology, caused by a switching event. In the case of the circuit illustrated in Figure 18B.1, a state-space 
approach would generate a two-by-two matrix to discretize or inverse, as shown in Equation (18B.1), 
since there are only two state variables. The nodal approach would yield a four-by-four matrix to solve, 
as shown in Equation (18B.2). This simple example illustrates the same concept that can be applied to 
large circuit. 
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Most simulation software uses one or the other method without giving the choice to the user. It is only 
brought up here to stay as broad and general as possible. Also when it comes to FPGA implementation, 
very few off-the-shelf tools are now available [12, 13]. Many users still have to develop their own FPGA 
model despite of its complexity and researchers are still trying to develop general-purpose electrical 
solvers, which would eliminate this complex task of implementing models and solvers in FPGA chip. 
Furthermore, one must keep in mind that one of the most difficult operations to be accomplished on FPGA 
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is the division; therefore, it renders that inverting a matrix is an important research topic to complete it 
in a timely fashion suitable for a real-time simulation. 


18B.1.3 MMC Topology Presentation 


An MMC topology is constituted by an equal number of cells, presented in Figure 18B.2a, that are 
distributed in the upper and lower limb, shown in Figure 18.2b. The cell includes switches S1, S2 and 
the DC-bus capacitor. When a cell is ON, the capacitor voltage is applied to its output using the upper 
switch S1 of the cell. When a cell is OFF, it is bypassed using the lower switch S2. 

The voltage obtained at the mid-point of the converter arm is given by the number of conducting cells 
in each limb. At any given time, only half of the cells from one arm are conducting. For instance, if a 
converter contains 100 cells, only 50 cells distributed between the upper and lower limbs of an arm are 
conducting at any giving time. Figure 18B.3 shows the voltage seen at mid-point in the following cases: 


e 1 cell in the upper limb and 49 in the lower limb are conducting, mid-point is near HVDC+. 
e 25 cells in the upper limb and 25 in the lower limb are conducting, mid-point is zero. 
e 49 cells in the upper limb and 1 in the lower limb are conducting, mid-point is near HVDC. 


When a cell is conducting, its voltage will vary according to the limb current. The voltage is then 
regulated with rigorous algorithm to choose which cell to turn ON or turn OFF. Though this topology 
was proposed a few years back, only the increase in the computation power of controller made it possible 
to accurately control it. Since then, many methods have been proposed to control this converter topology 
requiring individual control of each cell capacitor voltage [14—16], to cite only a few. 

The number of cells plays two roles in this topology. The number of cell is linked to the quality of 
produced voltage. When more than 12 levels are used, it demonstrates that the gain on the THD becomes 
almost negligible, as shown in Figure 18B.4 [17]. 

In the case of MMC used for HVDC application, the extremely high number of cells used reduces 
the stress on each component and also offers a redundancy improving reliability. Furthermore, 
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Figure 18B.2 (a) Single MMC cell with its protection and (b) MMC limb 
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Figure 18B.4 THD versus the number of levels 


increasing the number of cells reduces the switching frequency of each individual cell up to once per 
cycle [4]. 

Since this topology is a voltage source converter (VSC), it has complete control on the power flow, 
both active and reactive. Also unlike most HVDC classic topology, it does not require a network to 
synchronize itself, allowing to make a black start, since the voltage is imposed by the converter. But all 
of these advantages come with the price of complex control law that needs to be optimized and tested. 


18B.1.4 Constraints of Simulating MMCs 


When it comes to real-time simulation of MMCs, there are two major problems to resolve. The first 
being the considerable size of the model, whether a state-space or a nodal approach is taken; and the 
second being the tremendous amount of input/output required to control the converter. Bear in mind that 
the main purpose to real-time simulation is to be interfaced with a real controller. When it comes to 
thousands of cells to be controlled, it can only be assumed that even more signals are required for control 
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of the converter. Most of the processing time was due to the 7/0 management and data transfer between 
the external controller and the MMC model. It is therefore obvious that MMC simulators with 1000 cells 
per limb would require an //O processing time much larger than 25 us, which is unacceptable. 


18B.1.4.1 Solving Large State-Space System 


One way to surmount the first problem is to exploit certain advantages of MMC topologies. Having 
a rather large inductance in each limb, this generates a very “strong state” on the AC side; where the 
current variation is rather slow. The DC side being often connected to a DC cable, the capacitance of 
the cable also generates a “strong state” on the DC side, where the HVDC voltage variation is slow. 
There two “strong state” can be used to decouple each limb. Once decoupled, it is possible to spread the 
computation burden over multiple computing units achieving parallel processing. Furthermore, one limb 
can be divided into smaller subcircuit without any extra efforts on computation time. 


18B.1.4.2 Solving I/O Management Problem 


Having met the requirement to decouple large system, the only problem remaining is the one concerning 
the amount of J/O to be dealt with. Architecture of real-time simulator will be discussed later, but for 
now what need to be understood is that most real controller and simulator platforms use custom-made 
card with a communication link to its computation unit. More //O implies more data to be sent over the 
communication link and therefore requires more time. If more time is required for J/O communication, 
this leaves less time for computation of the model. What have been done in the first part will actually help 
resolve the second issue. Spreading the model across more computation unit reduces the amount of data 
that each must exchange with the //O solving the second problem. Furthermore, simulating MMC cells 
directly on FPGA chips, which are managing //O channels, also minimizes data transfer between exter- 
nal controllers and simulator main processors. Such technique is now used by most advanced real-time 
simulators. 

Separating the large state-space systems formed by the MMCs coupled to the AC network in order 
to achieve parallel processing can be achieved in several ways but might involve the use of artificial 
delays [18] or multirate simulation [19]. As of now, there are no formal and easy methods to achieve 
parallel processing of complex power electronic circuits coupled to large AC circuits. 


18B.1.4.3 System-Wide Simulation Simulated Faster Than Real Time 


Several studies target the behavior of several converters in a large network or the development of con- 
trollers before the manufacturing of controller prototype boards. In these cases, the controller algorithm 
can also be simulated in the same simulator simulating the MMC system and the grid. Consequently, 
no external //O are required and it is then possible to simulate faster than real time; that is, a typical 
simulation run of 60s could take 60s with a real-time simulator or only a few seconds with a simulator 
running faster than the real time. In real-time simulation, the acceleration factor is 1, where the time step 
used and the time required to execute the model has a ratio of 1. For faster than real-time simulation, 
the acceleration factor is greater than 1 since the time required to solve the equation of the model is 
smaller than the time step used. Like before, if the model is decoupled and spread over many compu- 
tation units, its acceleration factor is increased above 1 while the use of conventional signal-processor 
simulation software may have an acceleration factor much lower than 1, that is, the simulation time of 
a 10s case could take several minutes or event hours depending on the network and MMC size. As the 
control development requires to analyze hundreds of contingencies and to optimize several parameters, 
it is obvious that fast simulation tools exploiting multicore processors and FPGAs will become essential 
as model complexity increases. 
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18B.2 Choice of Modeling for MMC and Its Limitations 


As mention earlier, time is a very important constrain in real-time simulation; choosing the appropriate 
level of modeling for a specific application helps to reduce the required computation time. The level of 
modeling can be classified into three main categories namely: detailed model, switching function model 
and average model. Each of them will give accurate results but they all have different limitations. 


18B.2.1.1 Detailed Model 


There exists different level of modeling in the so-called detailed model. Most of them offer too much 
detail which is not useful for real-time simulation used to design, optimize and test control systems. The 
highest level of details could be qualified as “SPICE” modeling, where all the parasitic capacitors of the 
power switch and strain inductance of the PCB are taken into consideration. This type of modeling is 
used to calculate losses that will occur during switching. Even though this is a very important part of a 
real design, real-time simulation should not, but also could not, be used to evaluate switching losses and 
electromagnetic interference (EMI). Taking a numerical approach, the time constant of components such 
as picofarad and nanohenry is around nanoseconds; these types of time step cannot be achieved today in 
real time even with FPGA. Processor technology advancements may however make this dream possible 
during the next decade. 

The model where the switch and diode are considered as linear components can also be considered 
as a detailed model. Every semiconductor is represented by an impedance: small when conducting and 
high when blocking. Whether a state-space approach or a nodal approach is used, a new set of matrices 
need to be computed and inverted each time there is a change in switch status. This approach has been 
demonstrated using Hypersim [20] or the State-Space Nodal (SSN) solver [21, 22] with 100 cells/arms 
MMC at time step in the 30 us range. 


18B.2.1.2 Switching Function 


Switching functions or event-based dynamic system [23] can be interpreted as a switch case; for a cer- 
tain input, certain behaviors are expected. In the case of Figure 18B.2, the switching function can take 
this form: 

o IfS1=1 and S2=0, Vou = Veapacitor 

e IfS1=0and S2=1, V,,,=0 

e Else V,,,,=9 


This implies that the switching is complementary and that there are no conducting losses, that is, ideal 
switch. To introduce the switching losses, the current must be taken into account. Therefore, the switching 
function becomes 
o IfS1=1 and S2=0, Vou = Veapacitor/s"Ron 
e IfS1=0 and S2=1, Vu =0-/,*R,, 

e Else V,,,,=9 


The flexibility of switching function makes it a very powerful tool, but it requires a very good under- 
standing of the circuit in order to predict and have a contingency for every possible case. Unlike detailed 
model, this can result into an unnatural behavior and discontinuity that is not present in real life. The gain 
is in the rapidity of execution, which makes it a very good candidate for real-time simulation. Also when 
the limitations are known, it does not prevent the use of this model in all other supported mode. In this 
model, the number of states is not reduced, meaning that an integrator is required for every simulated 
capacitor cell. A detailed example is given in Section 18.4.2. 
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18B.2.1.3 Average Model 


The term average model here is not only intended as in the classical way. In classic average model, the 
duty cycle is given as input instead of PWM, but here the overall voltage of every cell’s capacitor is 
also averaged out across all the cells, making an ideal regulation of voltage of all the cells. This type of 
modeling is the easiest to implement, but it is also the one offering the most limitation. The main interest 
of this implementation is to study the behavior of the converter in a larger network where the regulation 
of each cell is of little interest. Similar to the switching function, the cell output is given by a simple 
equation decoupling it from the large system. The rest of the system will see the converter as a variable 
impedance as it would be with a detailed model. Again, a detailed example of the implementation is 
given in Section 18.4.1. 

One drawback of this modeling is that it needs a special implementation to support the high-impedance 
mode occurring when no pulses are applied to the converter. In this mode, the output of the converter, a 
voltage source, is only controlled by its current when no pulses are applied to the switches. Normally, if 
the voltage applied to the limb is higher than the sum of all the capacitor voltages of this limb, current 
should circulate through the antiparallel diode of the switches of the cells, charging the cells’ capacitor 
to voltage applied to the input of the limb. Once all the cells are charged, the current should become zero, 
since the antiparallel diode is not polarized anymore, and stay at zero until either of the pulses is applied 
again to the converter or the antiparallel diodes are polarized. Different schemes can be used to achieve 
this behavior, a voltage source is controlled by a voltage, but if it is not well implemented the response 
of the model can become erratic. 

All three different types of modeling presented here serve a specific purpose, understanding the limita- 
tion of each model helps one to determine whether or not this implementation is suited for his application. 


18B.3 Hardware Technology for Real-Time Simulation 


In the mid-1960s, real-time simulation was achieved using analog simulator, where real linear and non- 
linear components were used to model and simulate a circuit [24]. Not long after hybrid simulators, part 
analog part digital, were introduced and then with the evolution in the microprocessor speed, fully dig- 
ital simulators were achieved. Even though the first digital simulators were limited, their smaller size 
and versatility made them more attractive and their popularity was powered by the increase in computer 
power capability over the last 15 years. For these reasons, analog and hybrid simulators are hardly used 
nowadays and would not be explained further here. As for digital simulators, two main technologies 
divide them; the first one uses sequential programming embedded on DSP or microprocessor and the 
second type makes use of parallel programming on FPGA. Because of their differences and their com- 
plementarity, it is not rare to see both technologies in one simulator, taking advantage of each one of 
them. Their respective features are discussed in the following section. 


18B.3.1 Simulation Using Sequential Programming with DSP Devices 


DSP is digital signal processor optimized for certain applications. It receives sequential programming: a 
series of instructions which are executed subsequently and repeated in a loop. These instructions need to 
be understood by the processor, what can be called low-level language. But it has to be entered by a user 
high-level language. The gap between those two levels is the different programming language, such as 
C, C++ and java. Every manufacturer has a different machine code that can only be understood by their 
hardware. Using a common language by the user, like C, manufacturers make compilers that are compati- 
ble with their hardware. Nowadays, high-end processor can execute billions of instructions per second. In 
order to achieve further more computation power, as mentioned earlier, it is possible to execute a different 
set of instruction in parallel using multiple processors sharing a high-speed communication link. 
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In real-time simulation, the most sophisticated processors are used in specially designed hardware. The 
code required is generated using software like Matlab/Simulink, so users do not require to bother about 
writing code. When multiple processors are available in parallel, users also rely on software to easily 
distribute the computational burden among them. 

One of the greatest examples of real-time simulation in parallel is the Hypersim simulator, developed 
at IREQ, the engineering department of Hydro-Quebec [25]. It can simulate a large network, thousands 
of nodes, cluster of hundreds of CPU while the allocation of the processor unit to simulate each network 
subsystems is fully automated [26]. Other real-time simulator would normally require the intervention 
of advanced user in order to distribute the computation load over multiple computing unit [27, 28]. 


18B.3.2 Simulation Using Parallel Programming with FPGA Devices 


FPGA offers much more flexibility when it comes to executing instructions; it actually allows user to 
develop its own instruction set. Logic operators like NAND-gate or XOR-gate, basic arithmetic like 
sum, multiplication are some of the components available. By using these functions, users can make an 
optimized set of instruction for a specific application. On older FPGA generation, only fixed-point rep- 
resentation was available, but since 2009, built-in operators supporting floating point are now available. 

In FPGA implementation, signals travel as fast as their propagation allows. The number of operations 
that can be done will depend on the design; the route that signals need to take for a desired logic. On 
FPGA, clock signals are used to ensure that the expected result has reached its destination and is syn- 
chronized with other signals. Figure 18B.5 shows the concept of propagation to a simple circuit and the 
synchronization of its output. 

From Figure 18B.5, since only one level of logic gate is required to obtain A, it can be supposed that 
it will be ready before B that needs two levels of logic. C might change when A is ready and change 
again when B is ready. To avoid uncertain value at the output, a register is added and synchronized with 
a clock signal. By doing so, D will be synchronized with the clock and its value will be accurate as long 
as the period of the clock is long enough for the inputs 1, 2 and 3 to pass through the logic resulting 
into C. In Figure 18B.5, the results of A and B are being processed simultaneously and independently; 
this is the major advantage of FPGA referred to as parallel processing. From simple logic to large matrix 
multiplication can be performed in parallel and the result for the global solution is found in the end where 
all the different solutions are joined and synchronized. 

Understanding that the process can be synchronized to a specific clock, it is also possible to use time 
multiplexing or pipelining, allowing the same logic to be used for different processes. If the clock of the 
process is slower than the clock of the FPGA, it becomes possible to execute the same process using the 
same logic. For example, if the process shown in Figure 18B.5 can be obtained one FPGA clock period, 
but its inputs are only ready be executed, then every five FPGA clock periods. By multiplexing the input, 
using selector and demultiplexing the output, the same logic could be used up to five times to calculate 
the same process. The chronogram of Figure 18B.6 shows the time multiplexing with only two different 


Figure 18B.5 Example of logic propagation 
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Figure 18B.6 Chronogram of time-multiplexed process 


processes. Process X has inputs X1, X2 and X3; process Y has inputs Y1, Y2 and Y3; and each process, 
X and Y, yields the results of A, B and C in time. At every clock, the values from the different processes 
X and Y are applied to the logic and their results are shown on the chronogram. After the two processes, 
the logic is not used and its result is not important. The results of DX and DY are updated when available 
and stay there until the next clock of the slow process. 

Such design can ensure that none of the resources are left idling during the different processes, but it 
requires very accurate synchronization and design. 

The next example is more related to simulation: the implementation of a forward Euler integrator. 
The FGPA has a clock of 5 ns and the integrator time step is 20 ns; it is then possible to use pipelining. 
Figure 18B.7 shows the block schematic used in this example. The input A receives the multiplexed in 
time values to be integrated. B is the result of the values multiplied by the integration time step, 20 ns. D is 
actually the output of the sum C with a four-step delay, making the forward Euler integrator. The result in 
D can then be demultiplexed to send the integrated values to the right process. Here, the integration time 
step was chosen to facilitate the representation in a chronogram of the system in Figure 18B.8. Such a 
small time step is unlikely to be chosen since it would require a very high level of precision if one chooses 
to use a fixed-point or a floating-point representation. 
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Figure 18B.7 FPGA integrator using pipelining 
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Figure 18B.8 Chronogram of pipelined integrator 
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The great versatility of the FPGA also creates its main drawbacks: complexity to implement models 
and excessive time to generate the bitstream. The example given earlier clearly demonstrates that the 
programming complexity is much larger than using high-level language like C++ or very high-level 
language like Simulink and code generators (RTW). Such complexity limits the number of specialists 
who can develop and maintain models. The debugging is also very difficult and long. 

Because it is an FPGA, each individual gate needs to be programmed and interconnected when gener- 
ating the code. With the size of FPGA and models getting larger and larger, the required time to compile 
the code, or bitstream, also increases. Meaning that if the configuration of your model changes, you need 
to recompile a new version of your bitstream, which may take several hours. 

One option to avoid these two drawbacks is the use of embedded solver on the FPGA [29]. This allows 
testing many different circuit configurations and if needed it is also possible to make some changes and 
recompile a new bitstream. 


18B.4 Implementation for Real-Time Simulator Using 
Different Approach 


These are simple examples to give the reader the bases allowing him to implement its design. Matlab/ 
Simulink was used to implement and test these implementations, but similar results could be achieved 
with any other simulation software. For both examples, all cells from a limb are represented by an equiv- 
alent voltage source. The only difference is in how the voltage is computed. The equivalent circuit is 
shown in Figure 18B.9. Vya» Vyg and Vyc represent the upper limb equivalent voltage, whereas V, ,, 
Vig and Vc represent the lower limb equivalent voltage. 

This method of decoupling is adequate since there are two very large states in the model; the large arm 
inductance ensures a slow variation of the current and the large cell capacitors ensure a slow varying 
voltage. Measuring the current from the arm inductance, the equivalent voltage from all the conduct- 
ing cells is computed. In order to break an algebraic loop, a forward Euler integration method is used; 
this would not affect much the stability of the circuit since it is introduced at a point where there are 
dominating poles. 
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Figure 18B.9 Equivalent decoupled circuit 
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18B.4.1 Sequential Programming for Average Model Algorithm 


This type of modeling can be used to test the inner and outer controls for converters that would be 
connected to a larger network. This allows estimating the load flow, verifying contingency test or general 
behavior of the overall network without having to bother regulating each individual capacitor cell. 

For this model, the following assumptions are made: 


e The current in one limb is the same for all the cells forming that limb, naturally because all are con- 
nected in series. 

e All the capacitors have the same value; the integration of the current will result in the same voltage 

variation for all the capacitors of conducting cells. 

Only the number of conducting cells is required as input to the model, it is assumed that the choice of 

which cell is turned ON within a limb is made by a local and independent controller, who is not part 

of the model. 


Figure 18B.10 shows a block diagram for one limb. It has the limb current and the number of cells ON 
as input, and the sum of all conducting cells’ voltage as output. 

The limb current is multiplied by the time step and it is divided by the capacitor value, giving the 
voltage variation of any conducting cells. Then this voltage variation is multiplied by the number of 
conducting cells and the result is added to the previous voltage value of all cells. The total voltage value 
is divided by the total number of cells obtaining the capacitor voltage of a single cell; this is how the 
regulation of all the cells is made to the same voltage. Finally, the voltage of a single cell is multiplied 
by the number of conducting cells generating the equivalent voltage for a single arm. 

This technique is simple and could even be implemented in a variable-step solver with small modifi- 
cation. The only drawback is that natural rectification using antiparallel diodes from the cells’ switches 
is not considered in this implementation as well as the possibility to simulate faults inside the limb and 
to test the individual cell voltage regulator. 

Using this implementation, the HVDC grid of Figure 18B.11 was simulated faster than real-time sim- 
ulation. This configuration is the DC-grid benchmark proposed by the CIGRE work group B4-57. The 
converter Al is connected to a larger network, modeled by two voltage sources. Converters B1, B2 and 
B3 are connected to a different network but also have an AC link between one and the other. Converters 
Cl, C2, D1 and F1 are offshore wind farm and E1 is an isolated offshore load. All the offshore convert- 
ers are connected through underground cables for their HVDC link. Converters on land use overhead 
transmission of power lines to interconnect among them. 

Figure 18B.12 shows the response at the converters C1 and C2. Only the phase A is monitored in this 
case, but all phases are available. In this test, there is a three-phase fault on the AC side between C1 and 
C2. When the fault occurs, line between C1 and C2 is opened at each end for two cycles and then it is 
reclosed. At this point, the fault has been cleared. Figure 18B.12 shows the voltage at each converter. 
On C2 side, at reclosing an overvoltage is seen. This overvoltage can vary according to the angle at which 
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Figure 18B.10 Block diagram for average MMC model 
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Figure 18B.11 CIGRE B4-57 HVDC grid 


C1 AC side voltage 


8 
o 0 
op 
5 
$ -1 

-2 

4 4.05 4.1 4.15 4.2 

C1 AC side voltage 

1F 4 
B if % 
v 0 / N 
bh 
ž r. 
$ -1 hw 


-2 
4.08 


4.055 4.9 4.95 4.1 
Time (s) 


Voltage (pu) 


Voltage (pu) 


C2 AC side voltage 


4.05 4.1 4.15 4.2 


C2 AC side voltage 


4.055 4.9 4.95 4.1 


Time (s) 


Figure 18B.12 CIGRE benchmark AC fault 
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the breaker is reclosed. Using this model and a sequencer, a series of tests can be generated to make a 
Monte Carlo study to identify the V2% [30]. 

As no I/Os were used in this model, it was possible to simulate it faster than the real time. Using 11 
processors of an eMEGAsim simulator, an acceleration factor of 4 was achieved. In the case of Monte 
Carlo study, where thousands of simulations are required, this acceleration factor is very significant. 


18B.4.2 Parallel Programming for Switching Function Algorithm 


As it has been previously discussed, parallel programming can be implemented on FPGA. Taking advan- 
tage of both parallel processing and time multiplexing, a very large MMC can be simulated on FPGA 
with a very small time step of 250 ns. The choice of the time step of 250 ns is not based on stability of 
the circuit but rather to have very accurate firing instant for each cell. 

Table 18B.1 gives the switching function for Figure 18B.2 that will be implemented on FPGA. 

One can note that the mathematics behind this model is still relatively simple; the challenge comes in 
the implementation to achieve the small computation step. The arm current is obtained from the model 
running on DSP, where the complete network can easily be implemented using standard simulation soft- 
ware. The gate signals, S1 and S2, come from digital input connected to the FPGA. The simulation time 
step on the DSP is 100 times slower than the one of the FPGA; therefore instead of sending the instanta- 
neous voltage output of all the cells, only the average over the DSP time step is send in a similar way that 
only the duty cycle of PWM can be applied when the simulation step is slower than the PWM period. 

There are two distinct processes that need to be implemented: the switching function and the integrator. 
The integrator uses the same method as the one used in Figure 18B.7, in this case 10 signals are pipelined 
over 250 ns or 25 FPGA steps. During the demultiplexing of the integrator results, the capacitor voltages 
of the conducting cells are summed to achieve the equivalent voltage for the limb. Another important 
part of the logic is the implementation of the switching function that determines which cell is conducting 
and which capacitor is charging. Figure 18B.13 shows the block diagram of the process and the number 
of FPGA step each process requires. 


Table 18B.1 Switching function of MMC cell 


Cases Arm current S1 S2 Cels voltage V,,,(7) Capacitor voltage V,(T) 


1 X 0 1 0 V(T-T,) 
2 X 1 0 VAT) V. (T-T )+1/C*I(T-T )*dt 
3 X 1 1 Not considered 
4 >0 0 0 VAD) V.(T-Ts)+1/C*1(T-T,)*dt 
5 <0 0 0 0 V(T-T,) 
6 =0 0 0 High impedance V- =T;) 
Arm Cell’s 
current 6 voltage 
al steps 
= Swienink Integrator 

Gate J z function and Capacitor’s 

signals J S cell output voltage 


Figure 18B.13 Block diagram of FPGA implementation 
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Figure 18B.14 Real-time simulator with //Os chassis 


Note that the overall process takes 11 time steps, using an internal clock of 10 ns for the FPGA, which 
means that the first capacitor value will be available after 110 ns. As all of them are time multiplexed by 
a group of 10, the last capacitor voltage is available after 21 time steps or 210 ns. Here, the advantage of 
pipelining is very clear, by adding more capacitors in the pipeline, only one more time step is required 
to obtain the value. In this case, there are still four steps available to add more logic if required, allowing 
more flexibility as it has been demonstrated in [19]. 

The implementation from Figure 18B.13 was used to simulate a converter with 500 cells per half-limb, 
for a total of 3000 cells. It can either use an internal controller, embedded on the FPGA, or an external 
controller, via optical fiber. In this example, every cell is using two optical fibers for communication: one 
for receiving data and the other for sending data. Figure 18B.14 shows simulator used to simulate the 
converter. In the center of the picture is the main simulator where the model is computed with a 250 ns 
time step. The other racks on each side are only used to manage all the optical fibers that are needed to 
control the simulation. 

Figure 18B.15 shows results obtained when changing the power reference. Reactive power is stable at 
—0.3 pu and the active power changes from 0 to 0.5 pu. Looking at the voltage and current, one can see 
the phase shift of the current as the active power increases. 
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Figure 18B.15 Results of a step on power reference 
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This is only one of many tests that can be applied to such a system. Using the FPGA implementation 
allows a very low latency between the J/Os and the model. In this case, only the MMC is simulated on 
FPGA and the remaining of the network is simulated using processors. In 2011, Nari-Relays Electric Co. 
in China used the HiL results for the Nanhui MMC demonstration project, 20 MVA/60 kV two-terminal 
MMC HVDC project. 


18B.5 Conclusion 


This chapter presented an overview of real-time simulation with a practical application of the different 
technology. As discussed, the digital simulators are widely used but different technologies are available. 
Nowadays, understanding the application before acquiring a real-time simulator can help identify the 
best suited type for the application. 

Standard single-processor offline simulation tool does not offers adequate solution to achieve real-time 
simulation, but it is possible to implement its own design using the different methods proposed in this 
chapter. Multicore processors, DSP and FPGA, are evolving very fast and therefore so do real-time sim- 
ulation. 

General-purpose electrical solvers are available and being developed to facilitate the use of FPGA 
technologies by abstracting the inner construction of FPGA chips, as this is done with general-purpose 
processors. Such FPGA-based solvers should evolve very fast over the next years. This chapter mainly 
focuses on EMTP simulation, which is the best suited for power electronic simulation, but some soft- 
wares are now offering a mix simulation EMTP/phasor; slow components like transmission networks 
are simulated with phasor algorithm and this simulation is coupled with an EMTP simulation where fast 
systems, like power electronics, are simulated. Looking to the past 10 years, one can expect that the use 
of real simulation will keep growing and it seems like it is only limited by the need of the industries. 
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19.1 Introduction 


Speed control improves the efficiency of electrical machines under different operating conditions. This is 
particularly important when the operating range is wide, such as in pumps and fans. Speed control must 
also be used when a constant speed is required, for example, in paper mills and in robotic equipment, 
even if the load changes. Electrical machines are usually controlled using a piece of power electronics 
equipment called an inverter. Inverters only work with semiconductors in on-state and off-state, hence 
they are very efficient and can synthesize a fully controllable AC waveform with adjustable frequency 
and amplitude. 

During the last decades, only two speed control strategies for electrical drives have reached widespread 
industrial application: field-oriented control (FOC) and direct torque control (DTC). However, huge 
advances in microprocessor technology have made it possible to develop more intelligent and sophis- 
ticated control strategies for electrical drives. One of these strategies is model predictive control [1, 2], 
which has recently been recognized as one of the most successful techniques that originated from mod- 
ern control theory [3]. The term predictive control refers to a wide range of control methods that share 
a common operating principle: to calculate, via optimization of the system model, the values of the 
actuating variables so that over a given interval of time, the system output follows a desired trajectory 
into the future [4]. The application of model predictive control is straightforward in power electronics 
because of the availability of precise models and a finite number of control inputs given by the converter 
switching states. 

Predictive control was initially used to replace the inner current controllers in FOC [5, 6] and then 
to control torque and flux [7, 8]. More recently, predictive schemes have been proposed to control 
the speed directly [9]. The main advantages of the predictive algorithm are its simple implementa- 
tion and its flexibility; it is easily adaptable to different AC machines such as permanent magnet syn- 
chronous motors [10] and brushless [11] or doubly fed inductor generators [12]. The algorithm has been 
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successfully applied to different converters, for example, cascaded H-bridge [13, 14], flying capacitors 
[15] and matrix converters (MCs) [16, 17] and to different configurations such as multiphase drives [18] 
and inverters with LC output filters [19]. 

In this chapter, an overview of classical speed control of machine drives is presented, followed by 
an introduction to the model predictive control strategy, along with a description of the algorithm and 
control scheme for current control. The predictive torque control (PTC) is developed and applied to an 
MC to demonstrate the simplicity of applying this method to different converters and control objectives. 
Finally, the technique is adapted to directly control the speed of the machine, including electrical and 
mechanical dynamics in the same model and cost function. 


19.2 Review of Classical Speed Control Schemes 
for Electrical Machines 


Speed control of AC machines using power electronics inverters has been the subject of intense research 
during the last decades. However, since its introduction in the 1970s, only a few machine speed con- 
trollers have been widely used in industrial drives. The first method adopted for industrial application 
was FOC [20-22]. Although it was initially developed for induction motors [23, 24], the method was later 
successfully adapted to synchronous motors [25, 26] and other electrical machines [27, 28]. Based on 
linear control principles, FOC uses pulse-width modulation (PWM) [29] to linearize the discrete behav- 
ior of the converter while employing linear models for current and flux. DTC is another well-established 
speed control strategy [30]. This method was introduced in the 1980s and its main difference from FOC 
is that it considers the discrete nature of the converter in the controller strategy. It is based on nonlinear 
hysteresis controllers and a predefined switching table [31]. Like FOC, this method was developed for 
induction motors [32, 33] and was later applied to permanent magnet synchronous machines (PMSMs) 
[34, 35] and brushless DC machines [36], among others. Each of the aforementioned AC machine control 
techniques have their own advantages and drawbacks, but they have become the industry standards for 
control strategies [37]. 

In this section, the model of an induction machine is developed, and the two standard speed control 
machines are depicted. 


19.2.1 Electrical Machine Model 


Any rotating electrical machine can be modeled by the equations of stator and rotor circuits. Considering 
a squirrel-cage induction motor, the equations are 


dy. 
= Ti. 5 19.1 
v Sri + (19.1) 
d 
O=ri + Æ -jow, (19.2) 


dt 


where y, is the voltage applied to the machine terminals, i, is the stator current, y, is the stator flux, r, 
is the stator resistance, i, is the rotor current, y, is the rotor flux, r, is the stator resistance and œ is the 
rotational speed of the machine. 

Although these equations define the dynamical behavior of currents and fluxes, the flux linkage 
equations must be included to complete the model. These equations are 


Yy, = Li, + Lake 
VW, = Ini, + Li, (19.3) 


where /. is the stator self-inductance, /, is the rotor self-inductance and /,, is the mutual inductance. 
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The electrical torque T, can be obtained as the amplitude of the cross-product of rotor and stator flux: 


Le 
T,= aa ai xy, (19.4) 


2 
m sr 


where p is the number of poles of the machine. 


19.2.2 Field-Oriented Control 


The FOC method takes advantage of the decoupled dynamics between electromagnetic torque and the 
real (or direct) component of the rotor flux when the machine is represented in a rotating frame [38]. 
Considering the rotating transformation in phase with the direct component of the rotor flux, that is 
W, = 0, the dynamics of the direct component of the rotor flux is as follows: 


l 
a=, 19.5 
Yea T.8+1 ‘sd ( ) 
where t, = /,/r,. Because the quadrature component is zero, the amplitude of the rotor flux is 
Y= Wa (19.6) 
On the other hand, the torque can be expressed as 
P lm „Pla, 
T, = =—ly, xil === 19:7 
e= OT lw, Xil=> T, IW ig (19.7) 


Considering that the flux dynamics are slower than the current, the torque can be controlled using the 
imaginary component of the stator current. Therefore, according to the previous expressions 19.5 and 
19.7, the rotor flux can be directly controlled by the real component of the stator current. And since the 
flux reference is defined as constant, the torque can be controlled by the imaginary component of the 
same current. 

The block diagram in Figure 19.1 shows a standard implementation of FOC. Both the real and imag- 
inary components of the stator current are controlled using linear proportional-integral (PI) controllers, 
which give the required stator voltages. After a coordinate transformation from the rotating frame. To the 
stationary three-phase frame, a PWM is used to generate the switching pulses that synthesize the fun- 
damental stator voltage proportional to the reference value given by the linear current controllers. The 
speed is also controlled using a linear PI controller, which gives the reference of the imaginary stator 
current. As can be seen in the controller diagram, Figure 19.1, a number of coordinate transformations 
must be made in order to properly calculate the controller variables. 

Among the PWM techniques, the carrier-based and space vector techniques are the two most imple- 
mented in industrial drives. The carrier-based PWM shown in Figure 19.2a generates the gating pulses 
comparing the sinusoidal reference with a high-frequency triangular waveform. This carrier signal 
defines the switching frequency. This type of modulation is very simple to implement using either analog 
or digital circuits, but its voltage utilization factor is low. The space vector PWM, shown in Figure 19.2b, 
synthesizes the reference voltage using the adjacent vectors produced by the converter and calculates 
how much time the vectors must be applied for. This technique requires digital implementation, but 
its voltage utilization factor is better than carrier-based PWM. Recently, a carrier-based PWM with 
a modified modulation signal that improves the utilization factor was proposed. This approach is 
called min—max modulation, because the modified reference is calculated by adding a common mode 
given by 
max(m,) — min(m,) 


“=m, + —————. 19.8 
mł =m,+ J (19.8) 
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Figure 19.1 Field-oriented control (FOC) block diagram 
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Figure 19.2 Working principle of (a) carrier-based PWM and (b) space vector modulation 


where m, is the original modulation signal and m¥ is the modified modulation signal. This modulation 
has a utilization factor similar to space vector modulation (SVM) under certain conditions. 

FOC strategy has a very high performance, as seen in Figure 19.3, which shows a speed reversal of an 
induction machine. The machine speed reverses smoothly with very fast torque dynamics. A low ripple 
in torque, flux and currents is also observed. 


19.2.3 Direct Torque Control 


The DTC strategy does not use a modulation method such as FOC, because it considers the discrete 
nature of the converter and the effect of each switching state on the torque and flux [30]. If the resistive 
losses are considered negligible, the voltage generated by the inverter can change the behavior of the 
stator flux very rapidly, as shown in Figure 19.4, according to the following equation: 


Ay, xy T, (19.9) 
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Figure 19.3 Speed reversal of an induction machine using field-oriented control 


pam) 4 / 
Te 1 á a 
ran x 


a (Re) 


Figure 19.4 Direct torque control working principle 


where Ay, is the variation of the stator flux and T, is the sampling time. The working principle of DTC 


is based on the change in stator flux produced by the stator voltage. The relationship between rotor and 
stator flux is given by 


Ws (19.10) 


where k, and q! are machine parameters. 
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The torque can be expressed in terms of rotor and stator flux [39]: 
a tm yxy = 3 lm wy, sin(6) (19.11) 
2,-1.1, 20-1, 


where 6 is the angle between both fluxes, and y,, y,, are the rotor and stator flux amplitudes, respec- 
tively. Therefore, the input voltage can simultaneously control the amplitude and angle of the stator 
flux. Given that the rotor flux dynamics are slower than the stator flux, the input voltage can control the 
torque and speed. 

The key concept behind DTC is that the converter can produce a finite number of voltage combinations, 
and, depending on the flux angle, it is possible to select four of them to produce positive and negative 
changes in torque and flux. These selected combinations are predefined in a look-up table, which contains 
the required changes in torque and flux and also the angles of the stator flux. 

The block diagram of DTC is shown in Figure 19.5. The stator currents are measured to estimate the 
values of the torque and flux vectors. The speed is controlled using a PI controller that generates the torque 
reference. The torque and stator flux references are compared with the actual values, and the errors are 
sent to hysteresis comparators, which in turn generate the required change signals in each variable. These 
variables, in combination with the flux angles, are included in a look-up table. This table also contains 
the gate signals needed to generate the voltage combinations that will follow the references. 

The dynamic performance of DTC is slightly faster than FOC, as shown in Figure 19.6, where a speed 
reversal of the machine is produced using this controller. The ripple is larger than FOC while the switch- 
ing frequency is not fixed [40-42]. However, it is possible to control this switching frequency using a 
variable hysteresis band. 

As can be seen, DTC is a completely different approach than FOC, as it is based on nonlinear con- 
trol and predefined control actions given by the discrete nature of the converter. Implementing DTC is 
simpler than FOC, because DTC has no modulations and does not require any angle-dependent coordi- 
nate transformations. 


19.3 Predictive Current Control 


Model predictive control has become a very promising control technique because of its intuitive working 
principle, easy implementation and the advances in digital processor technology, which make its real 
time implementation possible. 
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Figure 19.6 Speed reversal of an induction machine using direct torque control 


The working principle of model predictive control is to predict the behavior of the system based on a 
model for each one of the switching states, and then select the state that optimizes the system’s behavior, 
based on a defined cost function. 

When the control objective is the stator current, predictive control can be included in the FOC scheme, 
replacing the PI controllers. This approach, namely predictive current control (PCC), is the simplest 
approach and it will be used to explain the key concepts behind the method, including predictive model, 
cost function, predictive algorithm and control scheme. 

From the machine model, it is possible to replace the stator flux in the stator equation, obtaining 


=ri+l d, Pye (19.12) 
hemes oe g . 
Bs Tels Eig mar 


This is the only equation required to implement the PCC, as shown in the following. 


19.3.1 Predictive Model 


One of the most important elements in predictive control is the model. In the case of AC machines, this 
refers to the discrete form, usually first-order forward Euler, of current and/or flux equations. In this case, 
neglecting the derivative of the rotor current, the stator current at the next sample time can be calculated 
as follows: 


i(k+1)= (: = ar) i(k) + Tv (19.13) 


It is worth noting that the stator current corresponds to a first-order discrete model that often appears 
in the models throughout this chapter. The stator voltage v, is synthesized by the inverter and can be 


expressed as 
v (k) = s(k)Vbc> (19.14) 


where Vpc is the constant DC voltage of the inverter and s(k) is the vector of the switching states. This 
model must be evaluated for each one of the possible switching states the inverter can generate. The 
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Figure 19.7 (a) Two-level voltage source inverter power circuit and (b) voltage vectors generated by the inverter 


Table 19.1 Switching states and voltage vectors 


Si Sa S3 Voltage vector V 
0 Vo =o 
= 
v= 3 vpe 
> 1 ; 
l l 0 Y2 = 3 Yoc TI Yoc 
0 1 0 V3 =-5 vpe ti Ype 
= 
0 1 1 7, = -É voc 
=> 1 V3 
0 0 1 V5= 3 vpe i-z vpe 
1 V3 
1 0 1 Ve = 3 vpe EEI Voc 
1 1 ¥,=0 


converter traditionally used in low-voltage drives is the two-level voltage source inverter (2L-VSI) shown 
in Figure 19.7a. This converter has six active switching states and two zero switching states, as shown in 
Figure 19.7b. The output voltage vectors, as a function of the switching states, are presented in Table 19.1. 


19.3.2 Cost Function 


The cost function is usually related to the error in the variable of interest, in this case the stator cur- 
rent. To perform the optimization, absolute values or a convex function such as a quadratic can be used. 
Throughout this chapter, quadratic error cost functions are used. In the case of PCC, the cost function is 


g= (È -i(k+ 1) (19.15) 


where i; is the value of the reference current. It is important to note that the current variables are in three 
phase, and therefore the cost function is composed of the sum of three quadratic errors. This cost function 
requires the reference at the next sample time. The reference can be obtained by extrapolating from the 
previous values or by using the actual reference if its dynamics is slower than the sample time. 
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19.3.3 Predictive Algorithm 


One of the main advantages of the predictive method is that the control algorithm is always the same. 
Other components such as the model, the cost function and the switching states may change depending 
on the load, the control objectives and the converter topology, respectively. 

As shown in Figure 19.8, the algorithm starts with the measurements of voltages and currents. Then, if 
necessary, an observer is employed to estimate control variables and, if a low sample frequency is used, 
for delay compensation [43]. Later, in a loop — or in parallel if the hardware allows it — the next sample 
time variables for each switching state are predicted using the discrete model, and the cost function is 
evaluated and minimized. Finally, the optimal switching state is selected and applied to the converter. 


19.3.4 Control Scheme 


In this case, the current predictive control is inserted into an FOC scheme, replacing the PI controllers, 
as shown in Figure 19.9. It is worth noting that no modulation is needed, and therefore the number of 
coordinate transformations required is lower than in the traditional FOC scheme. 
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Figure 19.8 Predictive control algorithm flowchart 
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Figure 19.10 Speed reversal of an induction machine using FOC with predictive current control 


The speed reversal in Figure 19.10 shows a slightly faster dynamic of currents, torque and flux and 


also a higher ripple than the original FOC. 


19.4 Predictive Torque Control 


In addition to controlling the current, predictive control can efficiently control other variables such as 
flux and torque and even speed. The control scheme shown in this section is called PTC, and it can be 


considered as an alternative to FOC and DTC. 
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19.4.1 Predictive Model 


The model of the machine is obtained using the stator dynamic (Equation 19.1) and torque 
(Equation 19.4). Using the first-order Euler discrete model, the predicted flux is 


y (k+ 1) = yK) +T wK) - rick) (19.16) 


Considering that the rotor flux dynamics is slower than the stator flux, the next step is to approximate 
the value of the rotor flux by using the actual rotor flux y,(k + 1) % y,(k). The torque prediction is given 
by 


L 
T.(k+ 1) = Z z 7 v dw (k +1) (19.17) 
where /,, l, and Z, are the stator, rotor and mutual inductances as defined in Section 19.2.1. The matrix 
J is used to calculate the cross-product amplitude, and it can be defined in three-phase abc, two-phase 
stationary af or rotating dq frames [44]. 


19.4.2 Cost Function 


The cost function used to control the torque and flux is 
8 = (Tk + 1) = TEP + Allyk + DI = Iwi)? (19.18) 


where T~ is the reference torque, y¥ is the reference flux and Ay is a weighting factor that establishes a 
relative importance between both terms. This factor corresponds to a design parameter of PTC [45]. 


19.4.3 Predictive Algorithm 


The predictive algorithm is the same as the PCC, and it must be evaluated for the same switching states. 
The only difference is that the torque and flux are evaluated instead of the currents and cost function. 


19.4.4 Control Scheme 


The control scheme for PTC is shown in Figure 19.11. The observer uses the load currents to generate 
the rotor fluxes, stator fluxes and a delay-compensated version of the sampled currents. These variables 
are used to generate the torque and stator flux predictions for each converter state. 

As shown in the earlier section, the predictions are evaluated in the cost function using the flux and 
torque references, and the optimal state is selected and applied directly to the converter. In this control 
scheme, the torque reference is generated by an external PI controller that controls the speed. Figure 19.12 
shows the experimental waveforms of a speed reversal using PTC. The results show a dynamic similarity 
to DTC in both torque and current. As with the case of DTC, the control of the switching frequency has 
also been addressed in the literature [46, 47]. 

One of the main advantages of PTC over DTC is the simplicity of control implementation when the 
circuit topology changes [48, 49]. For example, a three-level neutral-point-clamped inverter requires the 
use of several switching tables and an algorithm to select one of these tables for each sample time. Another 
advantage of PTC is its flexibility to incorporate different control objectives, such as minimization of the 
switching frequency [50], reduction of the common-mode voltage [16], or control of the input reactive 
power [51, 52]. The next section will address both concepts: topology changes and additional control 
objectives. 
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Figure 19.11 Predictive torque control block diagram 
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Figure 19.12 Speed reversal of an induction machine using predictive torque control 


19.5 Predictive Torque Control Using a Direct Matrix Converter 


The MC is a direct converter where the output is directly related to the input, without energy storage 
elements. The circuit topology of the MC is shown in Figure 19.13. It is composed of an arrangement 
of nine bidirectional power switches that can connect each output phase to any of the input phases. The 
output voltage is generated by connecting the input voltage to the load by using a proper combination of 
switches. The converter input current has a PWM waveform, which requires an LC filter to reduce the 
switching harmonics and to generate sinusoidal input currents. In this section, this converter is used to 
demonstrate the flexibility of predictive control when a different converter is used and different function 
objectives are evaluated. 
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Figure 19.13 Power circuit of an electric machine fed by a matrix converter 


19.5.1 Predictive Model 


The predictive model is very similar to the one shown in the earlier section. The main difference between 
a VSI and an MC are the switching states. The MC has 27 possible combinations of output voltage instead 
of eight switching states as with 2-L inverters. Furthermore, these output voltages depend on the input 
voltage, producing moving switching states. Therefore, the only change of the model is in the way the 
output voltages are calculated. 

v (k) = S(k)v; (19.19) 


This behavior makes this converter extremely difficult to control with classic techniques; however, 
predictive control can be applied directly as in VSI. This is one of the major advantages of predictive 
control, because no matter how complex a converter may be, predictive control only needs to evaluate 
the possible switching states. 


19.5.2 Cost Function 


As a first step, the cost function used to control the machine is the same as in Equation (19.18), controlling 
the torque and the flux with a weighting factor for this last term. 


19.5.3 Predictive Algorithm 


The only difference of the predictive algorithm is the number of evaluations of the model, because the 
MC has 27 possible combinations. Therefore, the algorithm is the same as the 2L-VSI. 


19.5.4 Control Scheme 


The PTC control scheme of an electric machine fed by an MC is shown in Figure 19.14. This scheme 
has a very similar structure to that of PTC using a VSI, but the input voltage is now required to calculate 
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Figure 19.14 Block diagram of predictive torque control of an electric machine fed by a matrix converter 


the output voltage combinations. Predictive control is used to control torque and flux, and an external PI 
is used to control speed. 

Experimental results of a speed reversal using a matrix converter are shown in Figure 19.15. The torque, 
flux and output currents show a very good dynamics, similar to when a 2L-VSI is used. However, it is 
worth noting that the input currents are very noisy, and the reactive power is not controlled. This behavior 
occurs because these variables are not modeled and not included in the cost function. These issues are 
addressed in the following section. 


19.5.5 Control of Reactive Input Power 


In order to control the input reactive power and reduce the noise in the currents, a model of the input 
filter and the reactive power prediction is required. 
The model of the input filter is given by 


i, =i +C,— (19.20) 


where v; and vy, are the grid and capacitor voltages; i; andi, are the input and converter currents; and R,, 
L; and C, are the filter parameters. 

A discrete approximation of this equation is used to calculate the prediction of the input current. In this 
case, a second-order discrete approximation [53] or an exact discrete model [54] must be used to avoid 
resonances. 

i(k + 1) = a, i(k) + ayy v (kK) + bi; i(k) + bavi (k) (19.21) 


where a;1, 12, b11, Dip are parameters of the exact discrete model. If the input voltage is considered con- 
stant between two consecutive samples, the input reactive power is then calculated as 


Ok + 1) = vi (DJi (k + 1) (19.22) 


where the matrix J is the same matrix used to calculate torque in Section 19.4.1. To control the input 
reactive power, the cost function must include a third term related to this variable 


8 = (Tlk + 1) — Tey + A y lkt 1) - wt? + Ag(Ok+ 1) - OY (19.23) 
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Figure 19.15 Speed reversal of an induction machine fed by a matrix converter using PTC. No reactive input power 
control 


where Q* is the reference for the reactive power and Ay and A, are weighting factors to give relative 
importance to each term. 

Therefore, the algorithm includes the model of the input current and reactive power and also, in the 
evaluation of the cost function, the term related to reactive power. The control scheme has the same 
structure as the previous one. The main differences are the filter variables (voltage and current), which 
are now used in the predictive model. Experimental results in Figure 19.16 show that the speed, torque 
and output current are similar to the previous approach, but the input current becomes sinusoidal and 
reactive power is zero with a very small ripple. 

This section has demonstrated the flexibility of predictive control when applied to a very complex 
power topology, such as a matrix converter, to include the input reactive power control as an additional 
control objective. 


19.6 Predictive Speed Control 


All the approaches presented in the earlier sections use a linear PI controller to generate the reference 
torque and to control the speed. Predictive control, however, has the capability to control the speed 
directly by including the mechanical dynamics of the machine in the model. 
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Figure 19.16 Speed reversal of an induction machine fed by a matrix converter using PTC. With reactive input 
power control 


This section presents the predictive speed control of a permanent magnet synchronous motor (PMSM). 
The stator model of a PMSM in a rotating dq frame is [9] 


Rit ses Ob itj (19.24) 
v=Ri — +0, —— i + jo : 
sS S S S dt m dOa S J mW pm 

where œ is the mechanical speed, 0, is the mechanical angle, Wm is the permanent magnet flux vec- 
tor, and R, and L, are the stator windings parameters and the j in the last term stands for a quadrature 


component. The electrical torque in a PMSM is given by 
3 ; big 
= a (Pointeg + Lea = Lsg)isaisa) (19.25) 
where L,, and L are the stator inductances in the direction of the magnet flux and in quadrature, respec- 
tively, and Fm is the amplitude of the permanent magnet flux. To control the speed machine with the 
predictive approach, the mechanical model of the machine is required. This model is given by 


don 
Jj a 


ma =p-(T,-T)) (19.26) 


where J, is the inertia of the rotor and T, is the load torque. 
The machine speed is modeled using a second-order discrete model in order to have a direct 
feed-through from the input v,. The load torque is obtained using an estimator. 
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19.6.1 Predictive Model 


The observer uses the load current and speed to estimate a time-delay compensated version of the sampled 
currents, the mechanical speed and the load. The predictions of the load current, electrical torque, and 
speed in the next step time are as follows: 


kt DiW- E (R p 25 (b+ Sok k k 19.27 

i(k + ziw- ( +a O TE) LOH BOO- 041 WW mk) (19.27) 

T(k+1)= i -P-Y mig k+ D+ : -p (Leg — Leg igglk + Dig(k + 1) (19.28) 
Ip 

@,(k + 1) = @,,(k) + T” (T,(k) — T(K) (19.29) 


m 


where T, is the sample time and J is the matrix defined to calculate the torque in Section 19.4.1; here it 
is used to calculate the quadrature component. It is worth noting that Equation (19.27) is expressed in 
the three-phase abc frame and, therefore, the stator current must be rotated to the synchronous dq frame 
in order to be used in Equation (19.28). 


19.6.2 Cost Function 


The cost function used in predictive speed control is composed of three terms: a steady-state F, a speed 
transient F, and a set of constraints-related components Fp: 
g =F. +A, 6(AQ,,) Fo + Aan Fon (19.30) 


The weighting factors A,, and A,n are used to define the relative importance of these terms compared 
with that of the speed error. 
The cost function for the steady-state operation is defined as 


Fo = (0% — Oy)” + AT — T.)° + Agi (19.31) 


The first term uses the speed error to generate the reference tracking. The second term stabilizes the 
torque at its steady-state value as the load torque, and the last term introduces an optimum value for the 
torque-per-ampere ratio, thus minimizing the direct component of the current. 

The function 6(Aq@,,,) establishes an operating range for the speed transient term. This function depends 
on the speed error and is given by 


sae Aw if Aw, <ô Gas 
@ = A aA S 
m ô if Aœ} >ô 


where ô is a design parameter related to the maximum speed change allowed. This term assigns a 
quadratic weight to F „ when the value of the speed change is smaller than Ê and a constant weight 
of F, when the speed change is larger than ô. 

The cost function for the speed transient condition F, is given by 


F, = 4 (sign (Aw) T, —T, P + A422 (19.33) 
The first term depends on the error between the actual torque and its maximum allowed value T, 


controlling its dynamical change; the second term reduces the dynamic change of the torque-per- 
ampere ratio. 
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Finally, the term F„„ contains all the constraints required to protect the drive and is given by 


ae aS (19.34) 


As seen in the previous equation, this term can be composed of several terms, each one of them defined 
by anonlinear function that takes high values when the magnitude of the corresponding constrained vari- 
able grows beyond the limits imposed by the drive specifications. For example, to implement a restriction 
for the stator current, f, is given by 


2 D ea pact 
ji -i if |i,| > i 
S 2 j A 19.35 
Ís h ie (19.35) 


This function is zero if the stator current amplitude is smaller than a predefined maximum limit ‘i and 
it grows with a quadratic ratio if the stator current lies beyond this limit. 


19.6.3 Predictive Algorithm 


The predictive algorithm is the same as in the previous sections, but the model prediction and cost function 
evaluation are different. 


19.6.4 Control Scheme 


Figure 19.17 shows the control scheme of the predictive speed control. In this case, the control is done 
entirely inside the predictive algorithm. Therefore, no external current or speed controllers are required. 

The weighting factors are adjusted heuristically through simulations. In both functional components 
F „and F, the A, and A, factors are adjusted to obtain effective torque tracking and acceptable current 
ripple, respectively. In contrast, A,, is adjusted considering the trade-off between precise speed control 
F „ and aggressive control action F,,; in other words, high dynamics and rejection of high-frequency 


effects. Further details about weighting factor design are given in the references [55, 56]. 
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Figure 19.17 Block diagram of predictive speed control 
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Figure 19.18 Speed reversal of a permanent magnet synchronous machine using predictive speed control 


The experimental results in Figure 19.18 show a very good control of speed without overshooting. 
The torque and currents also exhibit a fast dynamic behavior. It is remarkable that this control strategy 
generates sinusoidal stator currents without sinusoidal references, modulation, or linear controllers. 


19.7 Conclusions 


Over the course of more than five decades, the electrical community learned that in order to inject con- 
trolled sinusoidal currents in the stator of an AC machine, sinusoidal references, a linear controller and 
a pulse-width modulator were necessary, according to the classical linear control theory. This chapter 
shows that this is not strictly true. 

This chapter has demonstrated that MPC is conceptually different and simpler than classical techniques 
like FOC and DTC. MPC offers a high flexibility to control different circuit topologies and to manage 
several control objectives, without adding significant complexity. 

The advances in modern control theory and in microprocessors have made it possible to apply MPC 
in power electronics and drives in a natural and simple way. The results shown demonstrate that, in 
principle, MPC allows for high-quality speed control of AC machines. This method shows a behavior 
similar to the well-established drive controllers. However, there are a number of aspects that must be 
clarified in the near future in order to bring MPC to industrial application in drives. First, a rigorous 
comparison with the existing techniques must be done in order to assess the possible advantages of MPC 
in terms of performance and simplicity. In addition, the design procedure for MPC must be improved 
to a more simple and systematic form, as other standard control strategies typically are. In particular, 
a simpler and more systematic procedure must be found to calculate the weighting factors used in the 
quality functions. 

Finally, the authors consider that MPC can dramatically change the way electrical energy is controlled 
using power semiconductors, and it offers challenging opportunities for research in power electronics 
and electrical drives. 
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20.1 Introduction 


Digital-circuit engineering allows the use of high-efficiency microprocessors or signal processor appli- 
cations in power converters. These high-performance processors have high-frequency clock timing and 
cache memory. The arithmetic-logic operations with floating point processors are not the cause, and the 
operation time is shorter than a few years ago. As a result, it is possible to implement more complicated 
applications with advanced control systems. The circuits used for power conversion applied in drives with 
induction motors (IMs) are classified into two groups: voltage source inverters (VSIs) and current source 
inverters (CSIs). The VSIs are used more often than the CSIs because of their better properties. Nowa- 
days, the development of power electronic devices has enormous influence on applications of systems 
based on the CSI and creates new possibilities. 

In the 1980s, CSIs were the main commonly used electric machine feeding devices. Characteristic 
features of those drives were the motor electromagnetic torque pulsations, the voltage and the current 
with higher harmonic content. The CSI comprised a thyristor bridge and large inductance and com- 
mutation capacitors. Serious problems in such drive systems were unavoidable in overvoltage cases 
during the thyristor commutation, as the CSI current is supplied in a cycle from a DC-link circuit to the 
machine-phase winding. The thyristor CSI has been replaced by the transistor reverse-blocking IGBT 
(RBIGBT) devices, where the diode is series connected and placed in one casing with the transistor. 
Power transistors, like RBIGBT or silicon carbon (SiC), used in the modern CSIs guarantee superior 
static and dynamic drive characteristics. 

The electric drive development trends are focused on the high-quality system. The use of current 
sources for the electric machine control ensures better drive properties than in the case of voltage sources, 
where it may be necessary to use an additional passive filter at the inverter output. Pulse-width modulation 
(PWM) with properly chosen DC-link inductor and input-output capacitors results in sinusoidal inverter 
output currents and voltages. Methods of calculating proper inductance in the DC link were proposed in 
Refs. [1—6]. Properties of the DC-link circuit of the current source converter (CSC) force the utilization 
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of two fully controlled inverters to supply the system with an electric motor. The first — CSI — generates 
the current output vector to supply the IM. The second — current source rectifier (CSR) — generates a 
DC voltage to supply a DC-link circuit. The strategy for controlling the output current vector of CSI can 
be realized in two ways [1-8]. The first is based on changes in the modulation index while the value of 
the current in the DC-link circuit remains constant [5, 6]. The second method is based on changes in the 
DC-link current. In this case, the CSI is working with a constant maximum value of the PWM modu- 
lation index. Control of the modulation index in CSI is used in drive systems, where a high dynamic of 
the electromagnetic torque should be maintained [5, 6]. A high current in the DC-link circuit is a reason 
for high power losses in CSI. The simplified control method is the scalar control: current to slip (//s). 
This method is very simple to implement, but the drive system has average performance (only one con- 
troller is necessary, the current in the DC link is kept at a constant value by a proportional-integral (PI) 
controller). 

The drive system quality is closely connected with the machine control algorithm. The space vector 
concept, introduced in 1959 by Kovacs and Racz, opened a new path in the electric machine mathematical 
modeling field. The international literature on the subject presents drive systems with the CSI feeding 
an IM with the control system based on the coordinate system orientation in relation to the rotor flux 
vector (FOC — field-oriented control). Such control consisted of the DC-link circuit current stabilization 
[5, 6, 8]. In such control systems, the control variables are the inverter output current components. This 
control method is presented in Ref. [9], where the authors analyze the control system based on direct 
torque control. The control process where the control variable is the inverter output current may be called 
the current control of an IM supplied by the CSI. 

Another control method for a CSI-fed IM uses the DC-link circuit voltage and the motor slip as control 
variables. That type of control may be called the voltage control of a CSI-fed IM, as the DC-link circuit 
voltage and angular frequency of the current vector are the control variables. The proposed control strat- 
egy is based on nonlinear multi-scalar control [1—4]. Nonlinear control may result in better properties in 
cases where the IM is fed by the CSI. To achieve independent control of flux and rotor speed, a new non- 
linear control scheme is proposed. In this control method, the inverter output currents are not controlled 
variables. The voltage in the DC link and the pulsation of the output current vector are the controlled 
variables that can be obtained by nonlinear transformations and are proposed by the authors in Refs. 
[1—4, 10]. The multi-scalar model is called the extended model because the mathematical model con- 
tained the DC-link current and output capacitor equations. This full mathematical model of an induction 
machine with the CSI is used to derive a new multi-scalar model. In the proposed method, the output cur- 
rent vector coefficients are not controlled variables. The output current vector and the flux vector are used 
to achieve new multi-scalar variables and a new multi-scalar model. The control system structure may be 
supported on PI controllers and nonlinear decoupling or different controllers, for example, sliding-mode 
controllers, the backstepping control method, or fuzzy neural controllers. 


20.2 The Drive System Structure 


The configuration of the drive system with the CSI is presented in Figure 20.1. The integral parts of the 
system are the inductor in the DC link and the output capacitors. In Figure 20.1, the structure with the 
chopper as an adjustable voltage source is presented. 

The chopper with the small inductor L (a few mH) forms the large dynamic impedance of the current 
source. In the proposed system, the transistors form a commutator that transforms the DC current into 
an AC current. The current is controlled by the voltage source e} in the DC link. In this way, the system 
with CSI remains voltage controlled and the differential equation for the DC link may be integrated with 
the differential equation for the stator. The inductor limits current ripples during commutations of the 
transistors. The transistors used in this structure are called RBIGBT transistors. This structure has diode 
series connected with an IGBT in the same transistor module. The double six transistor bridge CSC, in 
which bidirectional energy transmission is possible, is shown in Figure 20.2. 
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Figure 20.3 The simplified scheme of the CSC 


In order to avoid resonance problems, the CSI or CSC structure parameters (input-output capacitors 
and inductor) ought to be properly chosen. The transistor CSI or CSC structures should guarantee sinu- 
soidal stator current and voltage of the IM if the parameters are selected by an iteration algorithm [11]. 

It is possible to simplify the scheme of CSC in the way shown in Figure 20.3. The RBIGBT transistors 
are considered as unidirectional switches connecting the supply to the DC link and the DC link to the 
load. The models of the capacitors and DC link are introduced below. 

The mathematical model of the CSC, determined by a commutation function, was presented in 
Ref. [4]. In this chapter, the differential equations of capacitors C, and C,, and the DC-link model are 
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presented below. The input capacitors’ model in the af stationary coordinate system is as follows: 


ce a (20.1) 
dr a C; Lisa lia . 
dv, in + 
me 1G E, (20.3) 
de |G, (eb 
du 
spo ieee $ 
ae T p Ti “ 
di 1 , 
ae = Leg Rip = Mp) (20.5) 
where æf is the stationary coordinate system; i, i, are the output six transistors bridge current; isa isp 
are the input six transistors bridge current; i „> ing are the stator current vector coefficients; u,,, u,, are 


the stator voltage vector coefficients; v,,, V,, are the supply voltage vector coefficients; L is the DC-link 
inductance; R; is theinterior inductor inductance; C, is the output capacity of capacitor; C, is the input 
capacity of capacitor; and i, is the DC-link current. 
The voltage wu, in the DC link is the input voltage to the machine side CSI. This voltage is determined 
by the equation: : . 
let Flegu 
TA E E (20.6) 


'p 
The output vector current i, is determined: 
in = Kip (20.7) 


= ‘ i 
When K % 1 the output current | i | = i = ip. If i = ip in an xy coordinate system (Figure 20.20), 
=> 
in which the x axis is overlapped with output current vector i -, one obtains: 
di, 1 


ae = AE — Raig — Us) (20.8) 


20.3 The PWM in CSCs 


The methods provided to form the output current’s i, primary harmonic were called modulations in the 
literature. The PWM deserves particular attention. The method is based on the rotation of the reference 
space vector. This method was shown in Refs. [1, 2, 12—14]. The average values of output current vector 
components in the sampling time are received by turning on switch states in cycles. In accordance with 
space vector theory, the projection of three-phase currents by space vectors in the af stationary coordinate 
system is possible. The three-phase currents (i,,, i,,, i,,.) can be specified by reference to the space vector 
module marked J) and rotated with angular speed @, in the af orthogonal system (Figure 20.4). 

The PWM CSI uses six unidirectional switches in two bridge legs: the first in the upper part (switches 
1, 3, 5) and the second in the lower part of the bridge (switches 4, 6, 2). The switches from Figure 20.5 
should be chosen in such a way that continuous current is assured in the DC link. This condition will be 
fulfilled if two switches suitably conduct. Active vectors are denoted as J, to J. Three passive vectors 
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Figure 20.4 The current space vector projections 
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Figure 20.5 Configuration of the CSI switches 


(zero vectors) are denoted as 7}, Ig, Jy in Figure 20.5. The inverter output current vectors from J, to J, are 
presented in Table 20.1. 

The reference vector I, composed with adjacent active space vector coefficients, is shown in 
Figure 20.6. In the orthogonal «æf stationary system, the value of module J) follows from the transform 
of the three-phase values to a two-phase system, where the invariant power will be taken into account: 


nl = V2-i, (20.9) 


where |J)| is the module of output current vector and i, is the DC-link current. 
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Table 20.1 The space vector states 


Switches Ï i L i, i Ig A l i 
1 1 0 0 0 0 1 1 0 0 
2 1 1 0 0 0 0 0 0 1 
3 0 1 1 0 0 0 0 1 0 
4 0 0 1 1 0 0 1 0 0 
5 0 0 0 1 1 0 0 0 1 
6 0 0 0 0 1 1 0 1 0 


tit V pit 1) 


imp 


TW) 


Figure 20.6 The method to compute average space vector values in each cycle time 


The values of the output current vectors when the passive vectors are turned on are equal to zero. 
Therefore, 


Dna = Lg + Lig t+ 1) (20.10) 

Ing =L pi) + i+) (20.11) 

Ia = AR + y +1) (20.12) 
imp imp 

i= a pi) + a yl +1) (20.13) 


where t, is the active vector times; tọ is the passive vector time; Tmp is the cycle time; Z,,ș is the space 


vector coefficient in (af) (index i is the number of the active vector, n is the sector number). 
Using Equations (20.10)—(20.13) the active and passive vector times are obtained 
Dra? api + D) — tag taalé + 1) 
— 
i La . Lip(i + 1) T Lip ` Lig F 1) 


(20.14) 
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hia : Lip + Lg . Lia 
b 


2 Tug) iF DHÀ Lalit DGF D (20.15) 


na 


ty = Timp — +h) (20.16) 


The inverter output current coefficients are shown in Figure 20.7. 
The FFT of stator current and stator voltage are shown in Figures 20.8 and 20.9. 


20.4 The Generalized Control of a CSR 


The CSR in the CSC can be treated as a voltage-controlled source. The transistor modulation of the CSR 
can be similar to that of the CSI (Section 20.3) The current control of CSR was presented in Refs. [15, 16] 
and voltage control was presented in Refs. [14]. 


inp 
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Figure 20.7 The output current vector coefficients in per unit values 
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Figure 20.8 The FFT of stator current (5.5 kW induction motor) 
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` ‘Stator voltage ug, 
200V/div 
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Figure 20.9 The FFT of stator voltage (5.5 kW induction motor) 
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Figure 20.10 The supply current vector and voltage in the dq system 


On the assumption that the CSR is an ideal converter of energy, the dependence can be written 
inalYs| © egip (20.17) 


where dq is the coordinate system connected with the supply vector voltage (Figure 20.10). 

Taking into account the current control of the CSR [15, 16] in which the control variables of a machine 
are stator current vector components, one obtains 

ae ek 

ezi; 


tid x — 
fsi lv, | 


(20.18) 


where the reference values are indexed by ‘“*,” ir is the output current vector module from the machine 
control system and e} is from, for example, the current PI controllers (Figure 20.11). 
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Figure 20.11 The control scheme of the CSC in which the machine can be controlled by voltage or the current 


control system 


The reference current module is as follows: 


* ;*2 j*2 
is = V iga Y ig 


where the ing is determined by 


‘se Vsalfsp = Vsp 4 fsa 
Ll DL —— 
fq 
lv. | 
and e 7 l 
»_ 4 
eg = 
lp 
where 


The reference current angel i ;, is determined as 


i* 
_ fq 
Pi = arctg aN? 
led 


* pk 
err 
q fs 


Iv, | 


gai VsalLp T VsplLa 


(20.19) 


(20.20) 


(20.21) 


(20.22) 


When the voltage control of a machine is taken into account, the above equations must be modified: 


sk 
lid ~ 


Q 


(20.23) 


(20.24) 


(20.25) 
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Figure 20.12 The input current vector components and measurement voltage e, 


The input current reference to the PWM is 
gg = Mih COS(P,, + Y;) (20.26) 
inp = M;i COS, + P) (20.27) 


where M, < 1.0 pu is the modulation index. 
The times of the active and passive vectors are similar to Equations (20.14)—(20.16): 


Tia ‘Ipa tls ing -Lalit I) 


na 


t = ea UU (20.28) 
i Cia ý Lip T 1) + Lip ® ù Liat + 1)) 
Fa O ty A) 
7. (20.29) 
g CARO) a LpCi +1)+ Lip ® j Laali +1)) 
fos = Timp ~ (tis + bzs) (20.30) 


where f,,, h, are the active vector times; fọ, is the passive vector time; i is the number of active vectors 
and n is the number of sectors. 

In Figure 20.12, the currents i,,,,, and voltage e} are shown. In Figure 20.13, the line current i,,, and 
supply voltage u,_,, are presented. In i, ,, the current subharmonics are visible, because in the experiment 
the CSC was without the input inductors L. 


20.5 The Mathematical Model of an Asynchronous and a Permanent 
Magnet Synchronous Motor 


The mathematical model of an asynchronous and a synchronous machine are obtained under the assump- 
tions presented in Refs. [1—4, 10]. The differential equations of an asynchronous machine for vectors 
> 

(i, WV, are as follows: 


di; S z r 2 . rum . m m (20 3 1) 
— = —-— i + + Mol... +@.— y., + — u.. è 
dr L.w, = Lw,” a "We Vy Ty 


preg 


o 
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diy RL +R. Ri. 
y__R, F 


= rum y -@ i -@ m y + m u 
dr Lw, sy Lw, ry O%sx r w, rx 3 sy 
dy,,,. R, R, m 
—— = - TY, + (@ -ony + i, tU, 
dr L, rx r ry I SX rx 
dy, R 
J r rom» 
= Wy — (My — 0 W t y + Uy 
dr A ry TEF T L, sy ry 
dæ 


r m 


dr JL, 


: ; 1 
(Wialsy ~ Wyls) E J T, 


(20.32) 


(20.33) 


(20.34) 


(20.35) 


where @p, œ, are the proper angular speeds of the (xy) coordinate system and rotor speed; J is the machine 
inertia; T, is the load torque; R, is the stator resistance; R, is the rotor resistance; L, is the stator induc- 


tance; L, is the rotor inductance; and L,, is the mutual inductance. 


w, =oL,L, 
and dissipation coefficient o is defined as 
L 
o= 1 m 
LL, 


Vector coefficients are indicated by x and y. The xy coordinate system is rotating with a). 
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Figure 20.13 The line current i, „ and supply voltage uz „p 
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The differential equations of the permanent magnet synchronous machine (PMSM) in the af stationary 
system are as follows [17-19]: 


di, R.. 1 1 
rE = = lF ia O,Wep + L Usy (20.36) 
di R 
f s, 1 1 
J- z ig - 7 OW py + i Usp (20.37) 
do, 1 . i 1 
a JVs = Wpla) — Fa: (20.38) 
and 
Wa = Lig + ra (20.39) 
Wy = Lig + Wig (20.40) 
Wa = Wy COS 0, (20.41) 
Weg =W sin 0, (20.42) 
dyp, k 
e, = = -y,o, sin 0, (20.43) 
dr 
WW pp 
e= A = y;@, COS 0. (20.44) 


where i,,, is the stator current vector coefficients; w, , is the permanent magnet flux vector coefficients; 
Usp 18 the stator voltage vector coefficients; œ, is the rotor angular speed; 0, is the rotor position; R, is 
the stator resistance; L, is the stator inductance; T, is the load torque; and J is the motor inertia. 

The interior permanent magnet motor ([PMSM) mathematical model is as follows [18, 19]: 


ea ai po (20.45) 
— = Smh —@,l Uy . 
dr Li Ly tiL 
di R L 1 1 
q Ss ‘d 5 

a a ara + —U, (20.46) 
dr L q L, Lj L q 
do, 1. . ae 
w~ Fria + (Ly -L,)igi, Trl (20.47) 
da, 

=o, (20.48) 
dr 


where œ, is the rotor angular speed; 0, is the rotor position; į}, i, are the stator current vector coefficients 
in dq; L,, L q are the stator inductances; R, is the stator resistance; J is the motor inertia; T, is the load 
torque; wis the module of the flux vector; and u4, u, are the stator voltage vector coefficients in dq. 


20.6 The Current and Voltage Control of an Induction Machine 
20.6.1 Field-Oriented Control 


The FOC is the one of the current control methods. FOC is the most popular control method used in 
electrical drive systems and has been presented in many papers, for example, in Refs. [5—7, 20]. Control 
without decouplings is the simplest version of control. The mathematical model is connected with the 
(dq) coordinate system in which the d-axis is aligned to the rotor flux vector. The control variables are 
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Figure 20.14 The FOC control system structure 


with PI controllers without decoupling variables 
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Figure 20.15 The FOC control system structure with PI controllers and decoupling variables 


the PI controller outputs and the reference values of the PWM. The PI-controller outputs are the stator 
current components i,, and i4. The voltage e; is determined with the help of an additional PI controller. 
The scheme of the FOC control system is shown in Figures 20.14 and 20.15. 

The mathematical model of an induction machine in the (dq) coordinate system with the rotor flux 


vector is determined: 


di, = RE + RL}, . R,„Ln y +æ i + enay 
dr Lw, sd Lw, rd r’sq , “sd 
j 2 2 
di, = RL, + RL jay, Lin Ww, -@ i 4 weary, 
dr Lw, sq r w, rd r“sd w, sq 
dya mE R, Y+ RL, i 
dr Lo a. 
dy, 
q ai 
ae =-(0,-0,)Wyy + Tis 
do, = Ly, i — 1 T 
de JL, T yL 
For the capacitors the model can be obtained: 
du, 1. . 
E = cha = ia) + Oyrisq 
M 
du,, 1. i 
dr = T Ca ~ ig) Dy Usa 
M 
where: œ = @ + Ee i is from (20.52). 
un f L, Wa 


(20.49) 


(20.50) 


(20.51) 


(20.52) 


(20.53) 


(20.54) 


(20.55) 
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In Equations (20.49)—(20.53), representing the cage IM mathematical model, the stator current vector 
components appear but the direct control variables do not. Therefore, control variables must be intro- 
duced into the mathematical model (20.49)—(20.53). Subtracting from and adding to Equation (20.49) 
the component i,, and to Equation (20.50) the component i,,, one obtains 


diq RE +R +L,w,. RL, A L; pr 
PU - l 3 u +v : 

dr Lw, sd L.w, Wa w, sd 1 

dig RE +R L + Lw. Te i 

dr a Lw, lsg — O, w, Wat w, Usg + Vo (20.57) 


where 


= ie ox 
i= Oyrlsq + led 

DWE = 
y= leq Dy yl sa 


rhe 


the control variables are indicated: i}, i5,. 

Using the linearization method described in Ref. [10], the following relations are obtained, where m, 
is the subordinated regulator output in the speed control line and m, is the subordinated regulator output 
in the flux control line: 


1 RL, L, (20 58) 
v —m, — — y; — —u : 
Tw Wa w, vd 
l En L, (20.59) 
v, = m, + ©, g= u ; 
2 i 2 rw, Wa w, sd 
where 
1 RLE +R +Lw, 
T; 7 L.w, 
The control variables have the form: 
ok w= @yrV2 
i= 
i o +1 
i V5 + Dy,V\ 
Ù = ————_. 
sq 2 
Oy, +1 


The above equations are obtained under the assumption that C,, ~ 0. 
The transients of state variables for the FOC are shown in Figure 20.16 (motor start-up) and in 
Figure 20.17 (motor reverse to —0.8 pu). 


20.6.2 The Current Multi-Scalar Control 


The author in Ref. [10] showed the mathematical model of an induction machine which is called the 
multi-scalar model. The following new state of the variables was chosen: 


x), =o, (20.60) 
412 = Valse = W,pisa (20.61) 
Xp = Wig + Wig (20.62) 


Xn = Wala + Viplog (20.63) 
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Figure 20.16 The transients of state variables when the motor is starting up, up to 0.7 pu, 5.5 kW induction motor 
(experimental test) 
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Figure 20.17 The transients of state variables when the motor is reversing, to —0.8 pu, 5.5 kW induction motor 
(experimental test) 


where x; is the rotor angular speed; x}, is the electromagnetic torque; x,, is the square of rotor flux; x», 
is the additional variables; and af is the stationary system. 

Using Equations (20.31)—(20.35) and differentiating Equations (20.60)—(20.63), the multi-scalar 
model of an induction machine supplied by a VSI is obtained [10]: 


dx, Ly T, 

ie = irae = a (20.64) 
d Ty -x (: y u ) pai (20.65) 
dr piz 11 22 w, 21 w, 11 

dor ug, ag hn, (20.66) 
dr Ee 21 L, 22 

din = —-T.x,, +x,,x Rdn Rn P+ Dry (20.67) 
dr i22 1122 y 21 L, s w, 22 
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where 


R L, +R,L, 
poA , 


i 


Wo 

2—2 :2 

ls = lea F lsp 
Uii = Wraltsp — Wrplsa (20.68) 
Uy) = Wrallsa + W,pllsp (20.69) 


The decoupling controls of an induction machine supplied by a VSI are as follows: 


Wo Ln 1 

uy, = A Xu (Xo + ma + mm (20.70) 
Wo R,Lm 2 RL, 1 

Un) = T —X14X19 — Ff -7 > Xp) T m, (20.71) 


An induction machine supplied by a CSI may be controlled in the same way as the VSI. The general- 
ized control is provided by an induction machine multi-scalar model formulated for the voltage inverter 
machine control Equations (20.64)—(20.67). The variables u,,, u, can be treated as extended multi-scalar 
variables. Differentiating Equations (20.68) and (20.69), one obtains 


du, 1 R, Rhy 1 
a =F i = Xiu + Th -= g*r +V (20.72) 
r r M 
du, R, RL, 1 
i = —7 "2 +X + L Pst o2 + va (20.73) 
r r M 
where 
P, = Usatsa + Uspl cp (20.74) 
q; = isat sp — i plisa (20.75) 


The variables in Equations (20.70) and (20.71) can be treated as input variables to the internal control 
system and denoted by index “*.” The tracking errors of extended variables are 


Cy = Ut — Uy, (20.76) 
Cy. = Uy — Un (20.77) 


Nonlinear decoupling controls by feedback linearization are obtained from Equations (20.72) and 
(20.73): 


R, R, La 1 
v= TZ” = T $ + T? + Xu (20.78) 
R RL 1 


Vy = -—v,-— "p, + = Xn — Hy Uy] (20.79) 
r M 
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The control variables of an induction machine supplied by a CSI are as follows: 


v Y, =V, Wa 
ig = -Cyu (20.80) 
Xa 
l Wa a Vy Y, 
ip = Cy (20.81) 
X, 


The control system of extended multi-scalar variables with PI controllers is shown in Figure 20.18. 
The transients of state variables for current multi-scalar control are shown in Figure 20.19. Two decou- 
pled subsystems are obtained. The current ip is proportional to x,, because the additional PI controller 


of ip is applied. 
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Figure 20.19 The transients of the variables for the current multi-scalar control system when the motor is starting 
up and reversing 5.5 kW induction machine (experimental test) 


The Electrical Drive Systems with the Current Source Converter 647 


20.6.3 The Voltage Multi-Scalar Control 


Another control method of a CSI-fed IM was called voltage control. The DC-link circuit voltage e} and 
angular frequency Dig of the current vector are the control variables. Proposed control strategy is based 
on nonlinear multi-scalar control [1—4, 10]. To achieve independent control of the flux and rotor speed, 
a new nonlinear control scheme is proposed. In this control method, the inverter output currents are not 
controlled variables. The voltage in DC-link e; and pulsation of output current vector œ; are the con- 
trolled variables, which can be obtained by nonlinear transformations and are proposed by the authors 
in Refs. [1—4]. The multi-scalar model is called the extended model because the mathematical model 
contained the DC-link current and the output capacitor equations. This full mathematical model of an 
induction machine with the CSI is used to derive a new multi-scalar model. In the proposed method, 
the output current vector coefficients are not controlled variables. The output current vector and the flux 
vector are used to achieve the multi-scalar variables and the multi-scalar model. The control system struc- 
ture may be supported on PI controllers and nonlinear decouplings or different controllers, for example, 
sliding-mode controllers, the backstepping control method, or fuzzy neural controllers. The author in 
Ref. [4] revealed proof of stability of the simplified multi-scalar control while the parameters of the CSI 
are optimally selected. When the capacitance Cy, is neglected, the stator current vector 7 is about 5% 


out of phase to ei while the nominal torque is set. Then, the control variables and decoupling are not 
precisely obtained. The error is smaller than 2% because the PI controllers improved it. 

In order to compensate for these errors, the capacity C,, to mathematical model is applied. 

The variables in the rotating (xy) frame of reference system are presented in Figure 20.20. 

For xy system in stationary state, Equations (20.3) and (20.4) lead to dependencies: 


x . duy 
isr = İp + Oy Cutey — Cu; (20.82) 
du,, 
Ly = =O ip Cy Uy E Cu EPS (20.83) 
In xy — system (Ss ; “a = 0) or in the stationary state: 
hy = ls = is + Wp CyUsy (20.84) 
iy = isy $ -0y Cogley (20.85) 


Figure 20.20 The variables in the rotating frame of reference 
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The new mathematical model of the drive system is obtained from Equations (20.84)—(20.85), through 


differentiation and using (20.3)—(20.4) and (20.8) in the xy coordinate system: 


di,,. Ry 4 1 : 2m2 

dr m L ‘fe + L“ z Ls ~ Op Curly = ip Cy Mx (20.86) 
di, 

Te Ty Cnin + Oy Cyin = Mp Cony (20.87) 
dy, R, R, m 

qz =— g Y= + (Or = Wy + E Ly (20.88) 
ry i R, ‘m 

de = Y” = (Wig = (OLAN + E D (20.89) 
du, 

L = (ig. — ix) + Ofl (20.90) 
du,,, 

-a C107 Putts (20.91) 


Substituting Equations (20.84)—(20.85) for the multi-scalar variables (20.60)—(20.63) in the xy system, 
one obtains: 


X=, (20.92) 
i= Waly — Wals N Wredyy — Wyl = SiW ny — oC 4X32 (20.93) 
xy = Wa H Wa (20.94) 
X99 = Ly Wyy F iy Wie © Wr + by Wor = iW E OCX (20.95) 
and 
dz; = Wyllsy — WpyUsx (20.96) 
dzy = WU, + Wyllsy (20.97) 


For the closed-loop system and (œ; — œ,) © 0: d}; © œ, and dz, ~ 0, therefore do not affect on the 
control system stability. 
The multi-scalar model for the multi-scalar variables has the form: 


Ga m-i (20.98) 
dr JL; I E ; 

a ` (TY L Ata Maly Aas = “E, ‘yp ty (20.99) 
dxz R, m 

a Ek A (20.100) 
do Ra R, 1 RL, $ 

Tz =— L + L X99 = grs Yn + L, D Fiji th (20.101) 
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where 
v= -ien + A, (20.102) 
1 
Y= 7 Viet œA 
Rı RL, 
A =X - T Cuba- Cu Ps (20.103) 


Ry rm 
Ay =—Xy) + 7 Cubi + Cy Ts 
The compensation of nonlinearities in differential equations leads to the following expressions for the 
control variables v, and v, appearing in differential Equations (20.99) and (20.101): 


1 1 REn 
v= T^ — TiYn + XiX + T ih (20.104) 
1 1 R Ln. 
v = T” + THY = X112 — T i (20.105) 
and the control variables: 
vA — vA 
e; =L (20.106) 
WA, + WA 
Vi Wx + VoW ry 
oy = ————— (20.107) 
WA + WA, 
where R R 
1 d r 
=a + — 
T, L OL, 
The decoupled two subsystems are obtained: 
e the electromechanical subsystem 
it im, ly (20.108) 
de “JL ug i 
dx 1 
o Fin tm) (20.109) 
e the electromagnetic subsystem 
dx, R, R,Lm 
o -ga + Ea ie (20.110) 
dx» 1 
~ ae +m,) (20.111) 


i 


The voltage multi-scalar control system is shown in Figure 20.21. 
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The transients of the multi-scalar variables and ip when the IM is starting up to 1.0 pu are presented in 
Figure 20.22. In Figure 20.23, the motor reverse is shown from 0.7 to —0.7 pu. In Figure 20.24, the load 
torque has been changed after 900 ms. 


Multi-scalar 
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Figure 20.21 The voltage multi-scalar control system structure 
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Figure 20.22 The multi-scalar variables and ip transients when the motor is starting up, 5.5 kW induction machine 


(experimental test) 
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Figure 20.23 The multi-scalar variables and ip transients when the motor is reversing, 5.5 kW induction machine 
(experimental test) 
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Figure 20.24 The multi-scalar variables and i, transients when the load torque is being turned on, 5.5 kW motor 
(experimental test) 


20.7 The Current and Voltage Control of Permanent Magnet 
Synchronous Motor 


20.7.1 The Voltage Multi-scalar Control of a PMSM 


The control method strategies for the PMSM were presented in Refs. [17—19]. These strategies are based 
on a constant power angle (the stator current component ô = 1/2). The same strategy can be implemented 
in the PMSM control system supplied by the CSI (to simplify the development of the controller). This 
assumption leads to nonoptimal results for the motor at all operating conditions [22]. In order to obtain 
the optimal working of the PMSM, the maximum torque per ampere MTPA of the stator current injection 
was proposed [22]. 
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The voltage control of a PMSM supplied by the CSI can be similar in approach to an IM control system. 
The mathematical model of the drive system in the xy coordinate system is determined: 


me A gt "s as (20.112) 
drt = TIS a L Yr + a) E Digly (20.1 13) 
dy, i 

Fe =—R i + Uy. + OyWy (20.114) 
dy, 

= = —R,i, + Uy, — OW, (20.115) 


and Equations (20.8), (20.90) and (20.91), w, y, are the stator flux vector coefficients. 
Taking into account Equations (20.82), (20.83) and Equations (20.60), (20.61) and (20.63) in the (xy) 
coordinate system, the multi-scalar variables have the form [23]: 


Xx), =@, (20.116) 
X= SiW, - Cy i832 (20.117) 
Xn = Wrin + LE + È) + Cy My 851 (20.118) 
where are introduced: 
831 = Welly — Wyler (20.119) 
832 = Welly + Wally (20.120) 


For the closed-loop system and (a, — @,) © 0: g,, © @, and g,, ~ 0, therefore do not affect on the 
control system stability. 
Using Equations (20.116)—(20.118) and (20.36)—(20.38), the multi-scalar model has the form: 


dx, 1 1 

— = -xp — <T, 20.121 
d pey i 
a E ee ee TE ee (20.122) 
dr L L™ fy ‘sls 1 

On Fay + Ribs _ op i? + 2p — Wy + Vo (20.123) 
dr L L s s Ss L ™ Je 


where 
RiCu 2 1 
v= Og Xn - Tz £z = L,I, T 7 ea 
1 RiCy 
Va = eae + Wr TE SIm 


The compensation of nonlinearities in differential equations leads to the following expressions for the 
control variables, v, and v,, appearing in the differential Equations (20.122) and (20.123): 


= L i — Law — Lait + XiX (20.124) 


1 RL, 5 1 
v, = =m, — L 2R, ) i, — 2p, + lM (20.125) 
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The control variables are 


o, = Mts Tipe (20.126) 
y A Wy. + AoW 
27 Av, — A,v, 
e; = L—————— (20.127) 
A Wy + AW 


where 


Ri 5 
A, = CyR, — Cy 832 — Cul; + Xn 


L 
R, 
A, = T M831 = X — Cy Ryd, 
u = u, + ih 
=+ 
l _ Pa 
T, L 


P; 4, are the active and reactive stator power Equations (20.74) and (20.75). 

The xy coordinate system is shown in Figure 20.25. The control scheme of a PMSM is shown in 
Figure 20.26. 

The transients of the multi-scalar variables and e,, ip when the PMSM is reversing to —1.0 pu are 
presented in Figure 20.27. The x3, ~ 0. The ip and u,, the stator voltage transients in stationary state, 
are presented in Figure 20.28. The i, oscillations appear because the inductor L was very small. These 
DC-link current oscillations had no influence on the transient stator current and voltage. 


20.7.2 The Current Control of an Interior Permanent Magnet Motor 


The control systems based on the stator current components in dq, connected with rotor, system were 
called the current control of the PMSM/IPMSM supplied by the CSI. These control systems were the 
focus in Refs. [18, 19, 22]. In Refs. [21, 24], the authors used the output capacitor model to obtain 


Figure 20.25 The variables in the af, xy and dq systems 
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Figure 20.26 The PMSM multi-scalar control system 
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Figure 20.27 The transients when the PMSM is reversing from 1.0 to —1.0 pu (experimental test) 


the extended current control variables. The output capacitor current variable control is more precisely 
determined than not taken into consideration. The current control allows control of the supply’s reactive 


power and a unit power factor [21, 24]. 
The simplified control of a PMSM generates the output current vector, which is shifted in relation to 


the permanent flux vector at about y = 2/2. Such a control system is shown in Figure 20.29. 
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Figure 20.28 The dc-link current i, and stator voltage u, transients (experimental test) 
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Figure 20.29 The current control of a PMSM in which the output current vector is shifted in relation to the permanent 
flux vector 
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For a short-impulse time T;,,,,, the capacitor model dependencies (20.3) and (20.4) in the dq coordinate 
system can be approximated by the difference equations. The voltage vector coefficient has the form 


@,T. u Ua o,T? T, 
pe e PY L T ug- i) + Cig — ty) (20.128) 
a, a Cya, $ T Cy 
2 
©, Timp Uaprey Ugprey o, Tanp imp ,. x 
u, = i: + a + Ca, üa- ij) +e Ga, = lig — i) (20.129) 


where the index prev means the previous value of the variables and a, = OT. + 1, ig, ij, are the output 
vector components. 

Using Equations (20.128) and (20.129) in Equations (20.45) and (20.46), the mathematical model of 
the drive system takes the form: 


2 
di d 1 L, o, Timp Uonrey r OF Uaprev 
=z =i t =o i = + ig + +v 20.130 
dr TO T Lid Ciba? ba ( ) 
di 1 L 1 w, Tim Ua rev o, Ta u rev 
— =- oi - —0,w, t eit ty, (20.131) 
dr Tz Li L, La, Culti * La, 
where 
Loy, Timp 
T, La Culaa 
1 R, im] 
— SS + È 
Ta q Culata 
o T? 
n= imp r~ imp 
Cy Lay Cy Lia, 
y ©, Tmp i Pimp 
Sty ba Cha 


The compensation of nonlinearities in the differential equations leads to the following expressions for 
control variables v, and v, appearing in differential Equations (20.130) and (20.131): 


L o, Timp rev o, Tin u rev 
vei me o g o e T a a (20.132) 
T, Le 4 Lia Cylia, | Lya 
L, , Tiny u rev oTa, u rev 
yom oho i a E (20.133) 
T; L, L, La, Cyl La, 


The control variables of the IPMSM have the following form: 


(20.134) 


(20.135) 
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Figure 20.30 The transients for current control of an IPMSM when the motor is starting up, up to 1.0 pu (simula- 
tion test) 
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Figure 20.31 The transients for current control of an IPMSM when the motor is reversing to —1.0 pu (simulation test) 


In Figures 20.30 and 20.31, the transients for the current control of the IPMSM are presented. The 
stator current coefficient 7, is stabilized near zero i, + 0. After 100 ms the rotor speed is changed to 
0.8 pu (Figure 20.30) and from 0.9 to —0.9 pu (Figure 20.31). 


20.8 The Control System of a Doubly Fed Motor Supplied by a CSC 


The ring-shaped motor can be supplied on the rotor side by the CSC, whereas on the stator side by the 
supply network. Such the drive systems were used in the 19th century and called doubly fed induction 
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motors. They were thyristor generator systems with the inductor in the DC link with high values of 
inductance and commutation capacitors. Currently, it is possible to use the RBIGBT transistors or SiCs 
in the CSC. In the modern CSC, experienced control systems can be used, for example, the backstepping 
control, the sliding-mode control, or the multi-scalar control, with PI controllers of the stator active and 
reactive power. The control system of a doubly fed machine can be the current and the voltage (similar 
to the squire-cage induction machine). In this section, the voltage control will only be presented. 

If the rotor is supplied by the CSC, then the following equations can be written as 


di 


rfx 1 5 
a = AE = Rii u) (20.136) 
dus 1, 
dt = C, E i) a Oip Uy (20.137) 
du,, 1., 
dr E o” T Dig Myx (20.138) 


where i, = Kip © ip, K = 1 

Vectors in @B otor ANd AB iator are Shown in Figure 20.32. 

When the xy coordinate system is chosen, the œ in Equations (20.31)—(20.34) is equal to 
@y = @;, + @,. The mathematical model of a doubly fed motor for G, W,) in the xy coordinate system 
is as follows [20]: 


di,.. LR, at LR, . RL, . Lin L, Ln (20 139) 
— = ->i + to, - Co t+ Ml = ey. i 
dr Lw, rx Lw, Woy irf try w, o, Wsy w, Uy. w, Us, 
di, LR, + LR, . RL, . Ln L, m 
ae =— R iy Te Woy — Oys w, Ovex + m — w (20.140) 
dy, R, sm + 
7 sx ZL Wot T i+ (ig +o, Wy + Us, (20.141) 
T s s ` i 
dwy R, 
Z -Eyy = (Oy + OM # Hy (20.142) 
do, Ln . . 1 
z= JE Voin =H (20.143) 
A Bstator 
+o, 
rotor 
stator 


Figure 20.32 The vectors in af (coordinate system connected with the rotor), af, (coordinate system con- 


stator 


rotor 


nected with the stator) and xy (coordinate system connected with output current vector ip) 
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where i, i, are the rotor current vector components; y,,. W, are the stator flux vector components;and 
the remaining variables are defined in Section 20.5. 
The multi-scalar variables in the af system were chosen [20]: 


Z1 =O, (20.144) 

= Wealip — Voplra (20.145) 
Za) = Wow + Weg (20.146) 
Za = Wsalra + Wspl,p (20.147) 


where x,, is the rotor angular speed; x,, is the electromagnetic torque; x,, is the square of rotor flux; x,, 
is the additional variables; and af is the stationary system. 

Taking into account the xy coordinate system and (20.136)—(20.147) under assumption (== a 5 z0), 
the multi-scalar variables (20.144), (20.146) have the form: t 


Zig = heey — CuO pez (20.148) 
Z22 = bp Wor — Cy @ip- C31 (20.149) 


where 
@;,p is the output current vector angular speed, i,,, = Kip © ip, (K= 1) and e,,, e3, are defined: 


€31 = Un Woy = Un Wsx (20.150) 
C39 = UW sy + UW sy (20.151) 


In (20.148)—(20.149) Cy@jp,e3, and Cy@,,.e3, are near to zero therefore do not effect on closed-loop 


system stability. 
The multi-scalar model for (20.150)—(20.151) is as follows: 


dz, R, Ry il R Ln e À 
ee + L |22 + ac + 211299 — Uylp + VY (20.162) 
dz R, R, 1 RL, E. . 
dr =~ L + L Z2 T “Ys + L Llp T Z11212 + Usxlp + Vo (20.163) 
where 
1 
v= ~ [easy + @;,,A, (20.164) 
Vo = TA + pAn (20.165) 


. . R Lp Ra 
A, = | bxWex + Ly Wey paar Cu (ity + ly Uy) — Cy Ube pa Usy Uyy) = T Cues (20.166) 
Ly 


: . R Ln : Ry 
A, = (i..Woy = i We) = L Cy (ill rx Entry) — Cy (uy, rx = Uy Uy) — 7 men (20.167) 
Lı 


The control variables of a doubly fed machine supplied by the CSI are 
vA; — VA, 


e; = L (20.168) 
i WA, + WoAy 
VW sx + Vo Woy 
: (20.169) 


p = — 
WoAj + WoyAs 
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In stationary state, the p, and q, can be expressed as [20] 


1 Ly Msp iZ12 T Usp2%22 
= Uy + 20.170 
P L, sa L, 291 i 
1 Ln Up 22 F Uyi 
= TF $$$ 20.171 
ds L Usi L ® ( ) 
where 

Us) = Ua Wsp — UspWoq © 1 (20.172) 
Ufa = Ua sa T u pWsp ~0 (20.173) 


Equations (20.170) and (20.171) are more complicated for direct using in the control system. To obtain 
more convenient relationships, the machine stationary state has been taken into account in which u, ~ 1, 
Usp, © 0. In stationary state, the p, and q, can be expressed [20, 25]: 


Ln 
Pa~ 7 i (20.174) 


gmi + Ben (20.175) 


All the variables must be determined in the same reference system. 

Figure 20.33 presents the sensorless control system of a doubly fed machine. Two controllers of active 
and reactive power and two controllers of z,, and z,, are introduced in control system. 

Figures 20.34 and 20.35 present the transients when the reference active and reactive power is changing. 
The set value for active power has been changed from —0.8 to 0.8 pu. When p,,q, > 0. then the active or 
reactive power is generated to the supply. When p,,q, < 0. then the machine is fed from the supply. 
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Figure 20.33 The sensorless multi-scalar control system of a doubly fed machine supplied by a CSC 
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Figure 20.34 The transients of multi-scalar variables and the active and reactive power of a doubly fed machine 
supplied by CSC (simulation test) 
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Figure 20.35 The transients of variables in the af coordinate system (simulation test) 


20.9 Conclusion 


In this chapter two approaches to the control of a machine supplied by CSC were presented. The first 
is a voltage multi-scalar control based on the PI-controllers. The voltage approach seems to be a better 
solution than the second current control, although the control system structure is more complicated than 
the current control structure. The voltage in the dc-link is the control variable obtained directly from 
the decouplings. The current in the dc-link is not kept at a constant value but its value depends on the 
machine’s working point. The current control gives higher losses in the dc-link inductor and higher 
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transistor power losses than the voltage control. The power losses can be minimized by the modulation 
index control method but the control system is more complicated. Both control systems lead to control 
path decoupling and sinusoidal stator current and voltage when the space vector modulation of transistors 
is applied. 
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Effects and Prevention 
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21.1 Introduction 


Accelerated degradation of bearings of induction motors (IMs) operating with voltage inverters is an 
effect of parasitic current flow, defined as a bearing current. The first reports on bearing currents were pub- 
lished nearly 100 years ago [1]. The observed phenomena were reported only for high-power machines 
as a result of magnetic asymmetry [2]. Its value is negligible compared with the bearing currents that 
occur in machines with inverter-type supplies [3]. Bearing failure is now the most common failure of 
AC machines operating in adjustable speed drives (ASDs). Owing to the high number of ASDs, this type 
of failure requires special attention. The bearing current in modern ASDs is closely connected with the 
appearance of the common-mode (CM) voltage resulting from the operation of a voltage inverter with 
pulse-width modulation (PWM). For that operation, long-term current flow through motor bearings, with 
a density exceeding the ratings of rolling elements can completely destroy them. It is reported that a cur- 
rent density of J, > 0.1 A mm has no noticeable impact on the life of the bearing, but a current density 
of J, > 0.7 A mm”? can significantly shorten its lifetime [3]. 

CM voltage refers to the three-phase natural system and is defined as the voltage between the neutral 
point of the three-phase star-connected load and the potential of protective earth (PE). Figure 21.1 shows 
the equivalent circuit for a three-phase voltage converter with a motor, cable and classical grid supply 
circuit [4]. 

In Figure 21.1, CM voltage is denoted as uy. The parts of circuits with dotted lines denote the parasitic 
capacitances between the circuit elements and the PE. 

An analysis of CM voltage for the complete circuit is difficult because of the lack of complete infor- 
mation on the individual parasitic components present on the supply side of the converter. However, a 
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Rectifier DC link Inverter 


(+) 


(b) 


Figure 21.2 Simplified structures of three-phase voltage inverter and notation of output voltages for CM analysis: 
(a) midpoint reference and (b) negative point reference 


small serial impedance of the CM circuit elements allows it to be accepted for the analysis. It is usual to 
take the midpoint of the DC link as a reference point connected to the PE (Figure 21.2a). However, in a 
real converter, access to the midpoint of the DC link is troublesome, so observation of the CM voltage 
according to Figure 21.2a is difficult. So, for practical reasons, it is convenient to take into account the 
positive or negative potential of the DC link. For this purpose, in this chapter, the negative potential has 
been assumed for the purpose of analysis (Figure 21.2b). 

According to Figure 21.2, the expressions for the voltages uy, uy and uw are as follows: 


Uy = Uypn + Uy (21.1) 
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Uy = Uyy + Uy (21.2) 
Uw = Uwn + Uy (21.3) 
which leads to 
Uy + Uy + Uy = lyy + Uyy + Uwy + 3y (21.4) 
because in a three-phase system 
lyy + Uyy + Uwy = 0 (21.5) 


so the CM voltage is 
_ Uy + Uy + Uy, 
Uy = a (21.6) 


In the voltage inverters operating with PWM used nowadays, the most popular modulation algorithm 
is vector modulation. It is widely known as space vector modulation (SVM). For a three-phase inverter 
during SVM operations, the inverter output voltage is adequate for the state of inverter switches. For six 
switches, there are 2° = 64 combinations, but only eight have a technical sense. Between them, six states 
are noted as active and two as passive. During the active state, the output voltage is —zero and for the 
passive state the output voltage is zero and the load terminals are shortened. The inverter output voltages 
corresponding with each of eight vectors are listed in Table 21.1. 


The voltage ug appearing in Table 21.1 is the counterpart of uy in the orthogonal af system when the 
next power-invariant transformation ABC — af is used: 


de. 

3 V3 v3 
wj (y2 | 
Xx | = = = Xp (21.7) 
x, 3 vo volly. 

o L -L 


where x denotes an arbitrary variable, for example, current or voltage. 


Table 21.1 The components of the inverter output voltage vectors 


Binary notation of the inverter switches states and corresponding voltage values? 


100 110 010 011 001 101 000 111 
uy Uj Ui 0 0 0 Uy 0 Uj 
Uy 0 Ui Ui Uj 0 0 0 Ug 
Uy 0 0 0 Uj Uj Ui 0 Uj 

2U; Uj 2U; Uj 2U; 


Uy = - = 0 0 
V3 V6 V6 V3 V6 V6 
U, U, U, U, 
ug pa: at 0 sl. et 0 0 
V2 V2 V2 V2 
“Voltages are referenced to the negative potential of the inverter input circuit (Figure 21.1). 


>The binary value means that for adequate state, the upper switch is 1, on; 0, off. The bottom 
switch is in the opposite state. 
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The analysis of Table 21.1 shows for that the voltage generated by the three-phase voltage inverter, the 
zero voltage component ug is nonzero. Variation of ug is characterized by significant transient changes. 
The difference between the minimum and maximum values in the orthogonal coordinate af system is 
equal to V3 Ua- 

In a real system, the zero voltage component can be observed by measuring the voltage at the neutral 
point of the motor stator windings (Figure 21.3). 

The occurrence of CM output voltage of the inverter and the presence of parasitic capacitance in the 
motor (Figure 21.3) and other ASD components causes the flow of zero sequence current (Figure 21.4). 

Voltage drop across the serial impedance of the cable for CM is small compared with the value 
of uy. Therefore, it is possible to provide an equivalent circuit for a CM current as shown in 
Figure 21.5 — voltage ug is given directly on the cable input; that is, the inverter is represented as the 
source of uy. Figure 21.5 shows the equivalent circuit for the CM current for the motor and feeder cable. 

The elements noted in the structure shown in Figure 21.5 are as follows: 


Cable parameters: 
— R,, cable resistance; 
— L,, cable inductance; 
— C,, cable capacitance. 


100, ay K Ey 


Figure 21.3 The voltage uņų waveform in the case of a voltage inverter-type supply 


Stator Stator coil 


SOOO 
k Ree Se Cs A PN 


Toas eee 


Figure 21.4 Parasitic capacitances in induction motor 
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Figure 21.5 Common-mode equivalent circuit for induction motor and motor cable [5] 
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High dv/dt of motor 
supply voltage 


Common-mode High-frequency 
voltage grounding current 
Capacitive Electric discharge Circulating Rotor grounding 
bearing current machining current bearing current current 


Figure 21.6 Diagram of bearing currents [5] 


Motor parameters: 
-C 


wp Motor winding-to-frame capacitance; 
-C 


w» Motor winding to rotor capacitance; 

— Cy, motor rotor to frame capacitance; 

— C,, motor bearings equivalent capacitance; 

— R,, motor bearings equivalent resistance; 

— S,,, switch modeling breakdown of the bearing lubrication film. 


CM voltage with high values of dv/dt causes a current bearing and shaft voltage in the motor. As shown 
in [5] in the inverter supply drives, there are several types of bearing currents, such as 


capacitive bearing current, 

electric discharge bearing current, 

circulating bearing current or shaft current, related to the shaft voltage effect and 
rotor ground current. 


The primary reason for each of these types of currents is high dv/dt values at the motor terminals. But 
each type of current is related to a different motor physical phenomenon (Figure 21.6). 


21.1.1 Capacitive Bearing Current 


Capacitive bearing current icap 1s flowing in electrical circuits where bearings equivalent capacitance C, 
exists. According to [5], the maximal value of this current is 5-10 mA in the case of a bearing temperature 
of T, ~ 25°C and a motor mechanical speed of n > 100rpm. An increase in either temperature T, or 
motor speed or both will result in an increase in Tycap aS well. However, the value of İcap 18 relatively 
small compared with that of the other components of the CM current, so usually heap is assumed to be 
harmless in terms of the motor bearing life. 


21.1.2 Electrical Discharge Machining Current 


Electrical discharge machining (EDM) current i.) 18 a result of the breakdown of bearing oil film. The 
oil film is a thin insulating layer of the lubricant with a dielectric strength of the order of 15 kV mm7!. 
The oil film thickness depends on the bearing type and size [6] and for a typical motor bearing is close 
to 0.5 um, which corresponds to a voltage breakdown of approximately 7.5 V [5]. The bearing voltage 
u, corresponds to the CM voltage ug according to the voltage distribution in a capacitive voltage divider 
with C, and C,,. If the voltage u, exceeds the oil film breakdown stress, then an impulse of machine 
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discharging current appears. According to the circuit structure shown in Figure 21.5, it corresponds to 
Sw switch on state. In accordance with the data given in [3, 7], maximal values of i,ppy take values in 
the range 0.5-3 A. The bearing voltage u, is independent of the motor size [8], which causes the i,epnn 
current to be more dangerous especially for small-power motors. This is because of the lower elastic 
contact surface between bearing balls and races, which increases the current density. 


21.1.3 Circulating Bearing Current 


Circulating bearing current and shaft voltage are related with current flow through the motor stator wind- 
ing and frame capacitance. It is a high-frequency grounding current i,. The i, flow excites the magnetic 
flux Wire Which circulates through the motor shaft. The flux y,,, induces the shaft voltage u,,. If ug, 
is large enough, then the oil film in the bearings breaks down and the circulating bearing current, ipei 
appears. The circuit for i,.,, flow contains the motor frame, shaft and both bearings (Figure 21.7). 

According to the data given in [3], the maximal value of i,,;, is in the range of 0.5—20 A depending on 
motor size; the largest values are observed for high-power motors. The measurement of i,.,, requires the 
use of a Rogowski coil on the motor shaft. The coil must be placed as far as possible from the stator coil 
out-hang [10] (Figure 21.8). 

Measurement of i,,;, is complex, requiring special equipment and access inside the motor, so for 
practical reasons i.i could also be estimated on the basis of knowledge of the grounding current i, 
measurement and type of bearings used in the motor. In the case of a standard motor with a pair of 
conventional bearings, the circulating bearing current is [3] 


<0,4- (21.8) 


lbcir(max) lg(max) 


Stator 


frame Weir Stator core 


aN 


Stator 


| 
| 
Circulating bearing current i,,;, flow | 


Shaft voltage usp 


Figure 21.7 The flow path of the circulating bearing current i,,,, [9] 
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Figure 21.8 The use of a Rogowski coil for circulating current ipei measurement [10] 


670 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


The estimation of shaft voltage in a simple way is also possible, as was presented in [3]. It was observed 
empirically, based on a series of tests, that the shaft voltage uy, is proportional to the grounding current 
and length of the stator core lp.: 

Uy, ~ ghie (21.9) 


Obviously, the length /,. is proportional to the motor frame size H: 


lre ~ H (21.10) 
The grounding current i, is proportional to stator winding-to-frame parasitic capacitance C,,,, which 
is proportional to the square of the motor frame size: 
i ~ Cyr ~ H? (21.11) 
which finally leads to the empirical relation [3]: 
ts = isle ~ H? -H = P? (21.12) 


The measurement of shaft voltage is complex. It requires the use of high-quality brushes on both ends 
of the motor shaft to assure a good contact area. Because of the very small value of u,,, it has to be 
amplified (Figure 21.9). 

The voltage shaft values measured in laboratory conditions range from fractions of a volt to several 
volts [2, 11] (Figure 21.10). In the case of high u,,, it is possible to protect the motor by the use of slip 
rings on the shaft and brushes connected with the earth potential. However, durability and mechanical 
problems limit the application of such protection. 


Amplifier 


poe 
QHYYAIS/ LA LAD N 
Testing one 4 MEANS rá Dec Testing 


brush i C707 brush 


Figure 21.9 Shaft voltage measurement 


1 V/div 200 ps/div 


Figure 21.10 Example of shaft voltage waveform (motor: 1.5 kW) 
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21.1.4 Rotor Grounding Current 


The appearance of rotor grounding current i, is possible only when the motor rotor has a galvanic con- 
nection with the earth potential through the driven load. If the impedance of the stator—rotor electric 
circuit is significantly lower than stator—frame impedance, then part of the total grounding current i, 
flows as total grounding current i,,. The amplitude of i,, can reach very large values and quickly destroy 
the motor bearings [3]. 


21.1.5 Dominant Bearing Current 


The dominant bearing current is dependent on the motor mechanical size H. The proper relation has been 
formulated in [3] and the dominant components are machine discharging current i,.p,, if H < 100mm, 
both machine discharging current i gpm and circulating bearing current i,,;, if 100mm < H < 280mm 
and circulating bearing current is if H > 280 mm. 

When the motor size increases, the motor circulating bearing current increases simultaneously. 


21.2 Determination of the Induction Motor Common-Mode 
Parameters 


Knowledge of the motor’s CM parameters is indispensable for modeling of the inverter-type drive. 
As outlined in Section 21.1, the detailed CM circuit of the motor is complex (Figure 21.5). An addi- 
tional difficulty is the variability of some parameters of the circuit. In the literature [3, 5, 12—14], the 
analytical dependencies used for calculating the parameters of the circuit shown in Figure 21.5 are pre- 
sented. However, the calculations are complex and require a lot of motor data that are difficult to access 
from datasheets and simple measurements, although some of the results are presented in the literature 
(Figure 21.11) [1]. 

For practical reasons in most cases, the simpler motor CM circuit is considered, as shown in 
Figure 21.12 [8, 9, 14]. 

Inductance L, and resistance R, are the leakage inductance and substitute resistance, respectively, of the 
motor stator windings. These parameters are easy to measure in the configuration shown in Figure 21.13. 

The measurement of parasitic capacitance C) needs deeper analysis. As shown in Figure 21.5, the 
equivalent capacitance C, which is used in the simplified model of CM circuit is a combination of a 
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Figure 21.11 Simplified structure of the motor CM circuit [1] 
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Figure 21.12 Simplified structure of the motor CM circuit 
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Figure 21.13 Measurement circuit for determining the parameters Ly) and Rp of the motor 


few parasitic elements: Cy, Cwt Cp and C,. The topology of the circuit can also change in the case of 
oil film breakdown. In addition, the bearing capacitance is nonlinear, depending mainly on the motor 
speed. These phenomena can lead to measurement errors when typical measuring equipment such as 
an electronic RLC bridge meter is used. This equipment operates at low-voltage power and frequency, 
which may differ significantly from the value and frequency of CM voltage. Therefore, the C, capacitance 
measurement should be performed with a frequency and voltage similar to those observed during normal 
operation of the inverter. 

The solution to the measurement of C, could be the creation of a serial resonance circuit (Figure 21.14). 
The supply source of the circuit could be an inverter, which supplies the motor during normal operation. 
In this way, it is possible to measure C, at the same voltage and frequency as those which appear during 
normal operation of the drive system. This approach requires access to a PWM algorithm to generate a 
square wave voltage waveform with a constant modulation factor of 0.5 and the possibility of changing 
the modulation frequency. 

The inverter is connected to a resonant circuit Lies» Cres 
surement is done at a frequency f., corresponding to the frequency component of the common voltage, 


that is, the inverter switching frequency ‘inp? 


including dumping resistance Re,- The mea- 


(21.13) 


Figure 21.14 The system for CM capacitance of the motor 
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u: 200 V/div 
i: 16.6 mA/div 
50 us/div 


Figure 21.15 Examples of the uç and i; waveforms measured by the test bench presented in Figure 21.10 (motor: 
1.5 kW, Uscams) = 430 V, Tomax) = 46 MA, Fes © imp = 3-3 KHz, Cy = 2.7 nF) 

The value of C, must be significantly larger than the expected motor CM capacitance C). If this 
condition is fulfilled, the impact of C, on the resonant frequency is negligible. Because the value of C} 
is in the range of nanofarads, the capacitor C,,, should have a value of microfarads. The resistance Res 
should be chosen to limit the inverter output current to a safe level and to provide a good quality factor 
of the resonant circuit. 

The sample waveforms of current and voltages collected by the measurement test bench shown in 
Figure 21.14 are presented in Figure 21.15. 

With the measured RMS values of motor voltage and current, the motor CM impedance is 


Uscems 
977 : (21.14) 
S(RMS) 
and the capacitive reactance is 
Xco = Zi, — R? — Xip (21.15) 
where 
Xco = 22fimpo (21.16) 
and finally the motor CM capacitance sought is 
1 
C= 21.17 
2fimpXco 


In Table 21.2, the experimentally measured values of C) for some typical industrial IMs are given. 


Table 21.2 Induction motor capacitances C measured using the test 
bench presented in Figure 21.14 and the serial resonance method 


H P p UY n, ĉi 


n 
(mm) (kW) (-) (V) (rpm) (nF) 
90 1.5 2 300 1420 2.9 
90 1.5 2 400 1410 3.53 
112 1.5 8 400 720 4.57 
132 10 2 173 1455 6.4 
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The motor capacitances Cy given in Table 21.2 were measured for a rotor at standstill. In the exact 
model of the CM circuit, the bearing capacitance is a function of motor speed [12, 13]. So for measure- 
ment purposes, the tested motor should be driven at different speeds using an external machine. With that 
test, the characteristic C) = f(@,) should be created. However, C, is very small in comparison to other 
parasitic capacitances, and its influence on the total CM capacitance of the motor can be negligible. A 
typical value of the bearing capacity is close to 190 pF and is much smaller than the dominant capac- 
itances between the stator windings and the motor frame for the motor sizes from 80 to 315. For that 
motor, that value is in the range of a few nanofarads up to tens of nanofarads [1, 13]. 


21.3 Prevention of Common-Mode Current: Passive Methods 


The first and most important thing that must be implemented to reduce the influence of CM voltage and 
current on the system is a proper cabling and earthing system. Manufacturers of converters recommend 
the use of symmetrical multicore motor cables, which prevents the CM at fundamental frequency. Also 
a short and low-impedance path for the return of CM current to the inverter must be provided. The best 
way to do that is to use shielded cables where shield connections have to be made with 360° termination 
on both sides. Also, a high-frequency bonding connection must be made between the motor and load 
machine frame and the earth. It is recommended that flat-braided strips of copper wire should be used 
and the strip should be at least 50 mm wide [15]. 

If the above-mentioned conditions are fulfilled, the elimination or reduction of the high-frequency CM 
current can be done by increasing the impedance or by using a specially designed motor. Some solutions 
are shown in Table 21.3. 


21.3.1 Decreasing the Inverter Switching Frequency 


Decreasing the inverter switching frequency is the simplest way of reducing the CM current. Most indus- 


trial inverters offer the possibility of changing that value within a wide range. With a decrease in imp? the 


Table 21.3 Methods for CM current reduction and elimination [5] 


Reduction of electric discharge current i gpm 
Ceramic bearings 
Common-mode passive filters 
Systems for active compensation of CM voltage 
Decreasing the inverter switching frequency 
Motor shaft grounding by using brushes 
Conductive grease in the bearings 

Reduction of circulating bearing current i, ;, 
Common-mode choke 
Systems for active compensation of CM voltage 
Decreasing inverter switching frequency 
Use of one or two insulated bearings 
Use of one or two ceramic bearings 
dv/dt filter 

Reduction of rotor grounding current i pe 
Common-mode choke 
Systems for active compensation of CM voltage 
Decreasing inverter switching frequency 
Use of one or two insulated bearings 
Use of one or two ceramic bearings 
Shielded cable for motor supply 
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Figure 21.16 Reduction of CM current by decreasing the inverter switching frequency: (a) imp = = 5kHz and 
(b) fimp = 2 kHz 


dv/dt is not changed and the CM current peaks will not decrease. However, their frequency is reduced 
and the value of total RMS CM current is decreased (Figure 21.16). 
The disadvantage of decreasing f;mp is that the THD of the motor supply current is decreased as well. 


21.3.2.» Common-Mode Choke 


The most commonly used component for limiting the CM current is the CM choke (Figure 21.17). 

CM choke is constructed with three symmetrical windings on a toroidal core. The mutual inductance 
M between the windings is identical. The choke inductance is negligible for differential modem (DM) 
current because the total flux in the core is zero for three-phase symmetrical currents. However, the 
inductance of CM choke Loy is significant for a CM current circuit. The equivalent electrical circuit for 
a system with CM choke is presented in Figure 21.18. 

The design process for CM choke selection requires previous measurement of the CM voltage up, 
which allows the choke core flux to be specified [16]: 


1 
Y= wf tt (21.18) 


where Noy is the number of turns of one CM winding. 
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Figure 21.17 Common-mode choke for a three-phase system 
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Figure 21.18 The equivalent electrical circuit with CM choke use 


The magnetic flux density of the CM choke is 


Wo 1 / 
B, = — = —— | mdt (21.19) 
0 Som ScomNcm j 


where Scy is the CM choke core cross-sectional area. 

The value of Boy must be less than the saturation value B of the core material. Nowadays, the man- 
ufacturers offer materials dedicated to CM cores with B,,, = 1—1.2 T. 

Inductance of a CM choke with known core dimensions is determined by the relationship: 


7 UScmNew 


CM 7 (21.20) 


Treo 


where leso is the average path of the flux in the CM choke core. 
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The maximum value of the zero sequence current Jp max 1S proportional to the ratio of Jp.9/Noy [16]. 
A decrease in the core size reduces the flux path of /,,.), increases the number of turns Noy, and finally 
decreases Jp max: At the same time, the dimensions of the maximal windings should be taken into account. 

The search for the optimal CM choke is a complex iterative process, requiring proper equipment for 
measurement of uy and J, max- Therefore, the manufacturers of magnetic materials suggest specific solu- 
tions and complete CM reactor cores fitted for specific motor power. Particularly good properties are 
characterized by a toroidal core made of nanocrystalline materials. 

For high-power motors, the use of several simple CM cores is a good solution. In that case, the windings 
of CM choke is simply the motor cable (Vy, = 1). This construction is easy to use in industry because 
CM cores are installed directly on motor cable and no terminals have to be used. It is worth to see that 
only the shield have to be cut off in the place where the cores are installed. 

Figures 21.19 and 21.20 present waveforms of CM current that shows the effects of CM choke use. In 
Figure 21.19, an electric drive with a 1.5 kW IM is operating without a CM choke. One can see current 
pulses of up to 1.4 A, which have been strongly limited in the case of CM choke use with inductance 
Low = 14 mH (Figure 21.20). 


Figure 21.19 CM current measured in PE wire for a 1.5 kW induction motor operating with an inverter but without 
a CM choke (switching frequency: 3.3 kHz) 


Figure 21.20 CM current measured in PE wire for a 1.5 kW induction motor operating with an inverter and with a 
CM choke (switching frequency: 3.3 kHz) 
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21.3.3 Common-Mode Passive Filter 


ACM passive filter is a combination of elements that give higher impedance for a CM circuit and creation 
of an alternative path for CM current flow with a motor bypass. The classical structure is presented in 
Figure 21.21 [16, 17]. 

The inverter output filter presented in Figure 21.21 is a combination of two filters: a differential and a 
CM filter. The differential filter is an LC low-pass filter used to smooth the motor supply voltage. With 
a DM filter, the motor supply voltage is close to sinusoidal in shape. 

Elements L,, C} and R, are parts of the DM filter, while M,, Rọ and Cp are parts of the CM filter. 
The CM choke M, increases the reactance of the CM circuit. The resistance Ry and capacitance Cy 
create a low-impedance electrical circuit parallel to the high-impedance motor CM circuit. In this way, 
an alternative path for CM current flow is created and most of the CM current bypasses the motor. 

Design processes for a DM filter can be found in the literature, for example, in [18]. For a CM filter, it 
is necessary to select CM choke inductance M, > L,. The capacitance C, is determined using the known 
values of inductances M, and M, and the resonance frequency f.: 


= aa (21.21) 
while the resistance Rp is 
/M, JG 
Ry = ETA (21.22) 


and Qc, is the quality factor of the CM filter (Q,4, = 5-8). 

The equivalent circuit of the inverter output filter is presented in Figure 21.22. 

For CM current, the DM filter parameters are connected in parallel. It is obvious that according to the 
condition L, < M,, the influence of L, on the CM circuit structure can be omitted. 


Inverter output filter 


Ug 


Figure 21.21 Inverter output filter for differential and common modes [16, 17] 


Figure 21.22 Equivalent circuit of the inverter output filter [16, 17] 
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21.3.4 Common-Mode Transformer 


The advantages of using a CM choke could be improved through the use of a CM transformer [14]. 
The construction of a CM transformer is nearly the same as that of a CM choke, but a fourth additional 
winding is added (Figure 21.23). 

The additional winding has the same number of turns as the other windings. With CM transformer, the 
CM current could be reduced up to 25% [14]. 

When the CM transformer is used, an additional inductance L, and resistance R, appear, as shown in 
Figure 21.24. 

Inductances l, are leakage inductances of the primary and secondary windings of the CM transformer. 
Magnetizing inductance is identified as L,. In the equivalent circuit of the CM transformer, the pri- 
mary winding comprises three windings connected in parallel, U-U’, V-V’ and W—W’, as indicated 
in Figure 21.23. 

The structure of the equivalent circuit of the inverter, CM transformer and motor is presented in 
Figure 21.25. 

The resistance R, operates as damping resistance in the resonance circuit. If leakage inductances l, are 
omitted, the CM current relation is as follows [14]: 


SL,Cy + RU, 


h(s) = Sr r in UL; AAD Gan 
SL LoCo + s*(L, + Ly) CoR, + sl, + R, 


(21.23) 
Analysis of the relationship (21.23) allows the selection of R,, which can reduce both the peak and 
RMS value of the CM current. According to [14], resistance R, satisfying this condition should be within 


the acceptable range: 


2Zw% SR, < 52s (21.24) 


where Zoo and Z),, are characteristic impedances of the electrical circuit presented in Figure 21.25 for 
R, = 0 and R, = œ, respectively. 


Figure 21.24 The equivalent circuit of the common-mode transformer 
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Figure 21.25 The structure of the equivalent circuit of the inverter, CM transformer and motor 


21.3.5 Semiactive CM Current Reduction with Filter Application 


The semiactive CM current reduction method has been presented in [19]. The idea is to use additional 
windings on DM inductors which are connected in series. That windings are installed between the filter’s 
neutral point N and the converter DC link midpoint N’ (Figure 21.26). 

In the filter structure presented in Figure 21.26, inductor windings L,, capacitances C, and resistors Re 
are elements of the DM LC filter. In addition, the inductors are detectors of CM voltage and operate as 
CM transformers. CM current flowing between N—N’ points through L, windings forces the appropriate 
voltage in L, windings, which compensates the CM voltage generated by the inverter. 

The semiactive solution has also been presented in [20], where a classical CM transformer has been 
used (Figure 21.27). 


Figure 21.27 Semiactive CM current reduction system with CM transformer [20] 
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In Figure 21.27, elements L,, C} and Ro are used for DM operation and additionally for CM voltage 
detection. The connection between the points NV and N’ assures the CM current flow and produces the 
primary current in the CM transformer M,. In this way, the CM voltage generated by the inverter is 
reduced as well. 


21.3.6 Integrated Common-Mode and Differential-Mode Choke 


In some inverter applications, it is possible to use an integrated CM and DM choke [21]. The aim of the 
integration of the two chokes is to minimize the geometrical dimensions of the reactor and reduce the 
cost of materials by reducing the amount of copper used. In Figures 21.28—21.30, the choke structure, 
equivalent circuit and implementation in the converter are presented. 

The integrated choke is made in the form of two coils wound on two toroidal cores. The dimensions of 
the toroidal cores are such that the outer diameter of core 2 is slightly smaller than the inner diameter of 
core 1. Core 1 is made of a magnetic material with high permeability, whereas core 2 has low magnetic 
permeability. A suitable difference in permeability is achieved of the ferrite for core 1 and iron powders 
for core 2. Winding AB is wound on both cores simultaneously, while winding CD is wound on both 


Figure 21.28 The integrated CM and DM choke - structure [21] 
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Figure 21.29 The integrated CM and DM choke — equivalent electrical circuit 
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Figure 21.30 The integrated CM and DM choke — application for the converter 


682 Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications 


Stator : 


Insulation 
shield 


Rotor ! 


Air gap 


Figure 21.31 Structure of the electrostatically shielded induction motor [12] 


cores in the form of an interlaced figure of eight shape. The number of turns of windings AB and CD is 
the same, that is, Nag = Ncp = N. If leakage inductance is negligible, then the ratio of Lay and Lpy is 
dependent on the magnetic reluctance R,, R, of the cores: 

L R 

a (21.25) 

Loim 4R: 

The disadvantage of an integrated choke is the higher cost of manufacture of the windings because of 
the complex interleaving of winding CD. The limitation of the choke use is that it can only be applied 
in the DC circuit of the inverter. So the CM part of the choke can only limit the CM voltage forced by 
external source, for example, by grid-side inverter operation. 


21.3.7 Machine Construction and Bearing Protection Rings 


Suitable design of electrical machines could also reduce or eliminate the bearing currents. Such con- 
struction solutions could be as follows [3]: 


e shielding the rotor by placing a metal shield between the stator and the rotor and connecting the shield 
to earth potential — this solution is known as an electrostatically shielded IM [12] (Figure 21.31), 

e using insulated bearings in which the outer surface of the outer race is covered with a nonconductive 
oxide layer, and 

e using hybrid bearings in which ceramic rolling elements are used. 


Among the above solutions, only the insulated bearings are commercially available. Other solutions 
are still under development. 

Another market solution for bearing protection is the installation of bearing protection rings. 
Round-shaped rings with brushes inside are connected to PE and installed on one or both sides of the 
motor shaft. This installation creates a low-impedance path between the motor shaft and earth. So the 
shaft current flows to earth directly without bearing reactance. 


21.4 Active Systems for Reducing the CM Current 


Besides the passive methods for the reduction of CM current, active systems are also used. These are 
active serial filters [21, 22] (Figure 21.32) or low-power auxiliary inverters [23, 24] (Figure 21.33). 
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Figure 21.32 Active filter for CM current reduction [22, 25] 


Main inverter 


Induction motor 


Auxilary inverter 


Figure 21.33 The use of an auxiliary inverter for CM current reduction [23, 24] 


The practical solution presented in Figure 21.32 requires a pair of complementary bipolar transistors. 
Control of the transistors is done without the use of an inverter digital control system. The transis- 
tors are directly triggered by a CM voltage signal. Unfortunately due to the lack of suitable high-speed 
high-voltage bipolar transistors, the solution is limited to low-power electrical systems. 

This disadvantage is eliminated in the system presented in Figure 21.33. The auxiliary inverter uses 
the same kind of transistors as the main inverter. Only the power range is smaller because of the value of 
the CM current. To eliminate the CM current, the auxiliary inverter generates an opposite CM voltage. 
Such auxiliary inverter operation almost completely eliminates the CM current. However, a small CM 
voltage may still be present in the system as a result of differences in the transistor switching parameters 
of both inverters and irregularities in the dead-time compensation algorithm. Correction by the dead-time 
compensation algorithm allows complete elimination of the CM voltage [24]. 


21.5 Common-Mode Current Reduction by PWM 
Algorithm Modifications 


Both passive and converter-based classical methods to reduce CM current are relatively expensive and 
require the installation of additional elements and/or modifications of the converter topology. 
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However, the reduction of CM current in the drive system is possible in a simpler way that does not 
require complex changes in the inverter topology. It is possible to reduce CM current by changing the 
PWM algorithms. The PWM has to be changed to eliminate or reduce the CM voltage generated by the 
inverter. Various proposals for such modification of the PWM are presented in the literature [26, 27]. 

Nowadays, the space vector PWM method is widely used in voltage inverters. With SVM, the CM 
voltage could be reduced by 


e removal of zero/passive vectors, 
e use of a nonzero/active vectors that have the same value of the CM voltage. 


The CM voltage reduction possibilities can be explained using data given in Table 21.4. 

In Table 21.4, it can be seen that the voltage ug for each of the parity-numbered and non-parity- 
numbered vectors is consistent. The graphical representation of the vectors is presented in Figure 21.34. 

In the case of an inverter operating with a classical SVM, the waveform voltage at the star point of the 
load related to negative potential of the DC link is as presented in Figure 21.35. 


Table 21.4 Common-mode voltage for voltage inverter output vectors 


Types of vectors Nonzero/active Zero/passive 


Notation Uns Uv Un U3 U, 1 Uss Uwo Us 
Binary code 100 110 010 011 001 101 000 111 
Decimal code 4 6 2 3 1 3 (0) 7 
1 2 1 2 1 2 
uy 3Va 3Ua 3 Ua 3 Ua zUia 3Ua 0 Ug 
1 2 1 2 1 2 
Ug =U; Ui Uj Ui Uj —U, 0 V3U 4 
(ap coordinates) v3 V3 v3 V3 v3 V3 


Notation“ NP P NP P NP P Z Z 


“Vector notation: NP, non-parity; P, parity and Z, zero. 


eV 18 
Uw Uve 
Uys Uwo K 
E > 
Uw7 Uva U 
w g Uçi Uys 


Figure 21.34 Graphic representation of the inverter output vectors 
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Z — zero/passive vectors. A — non zero/active vectors 
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Figure 21.35 The common-mode voltage for the inverter operating with classical SVM (DC link voltage 
U; = 540 V) 


With regard to the waveform shown in Figure 21.35, one can see that the highest variations of uy 
are between zero vectors, being from 0 up to 540 V. Therefore, the elimination of these vectors can 
significantly reduce CM voltage and accordingly the CM current. Simultaneously, it can be observed 
that if the consecutive active vectors have the same value of uy, the CM voltage will be of direct current 
voltage and the current will not flow through the motor parasitic capacitances. 

On the basis of the analysis of the relationship between voltage vectors and the corresponding values 
of up, it is possible to propose modifications of PWM which can lead to the reduction of bearing cur- 
rents. This solution was proposed in [28, 29], where modification of the SVM algorithm was done by 
elimination of zero vectors and use of parity or non-parity active vectors only. 

The problem that occurs when using only parity active vectors or non-parity active vectors is that the 
inverter maximal output voltage is limited. The problem is underlined when the inverter operation is 
limited to the modulation region only. This is due to the fact that in the classical SVM algorithm, the 
output voltage vector uf’ is generated for each modulation period as a combination of the two active 
and two passive vectors (Figure 21.36). 

The use of active vectors only in the SVM modulator makes it possible to generate the maximum 
amplitude of the inverter output voltage as shown in Figure 21.37. 


21.5.1 Three Non-parity Active Vectors (3NPAVs) 


If the zero vectors are eliminated, the output inverter voltage can be generated using, for example, only 
non-parity active vectors, as presented in Figure 21.38. This method is named three non-parity active 
vectors (3NPAVs). 


A p Une 


Figure 21.36 Generation of the inverter output voltage by the classical SVM algorithm 
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Figure 21.37 The range of inverter output voltage with classical SVM 
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Figure 21.38 The creation of inverter output voltage in the 3NPAV algorithm 


In Figure 21.38, the inverter output voltage vector uP is generated using vectors U „4, U „ and U,,,, 


which are indicated in Table 21.4 as non-parity vectors. The switching times of particular vectors denoted 
as t,,¢, and t, are defined as 


Wout ` Timp = Upata T Ubh F Usti (21.26) 
Tay = ty + by + ty (21.27) 


The vector switching times can be determined from the relations [30]: 


t, = - (1 + oo (cos (4 +p.) +sin (2 +a))) (21.28) 


1 2U pa 
EA E ( ) 21.29 
253 ( U, cos 3 + py ) ( ) 
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2ue™ 
= : (1 oe sin (2 +n)) (21.30) 
d 


where Uti" and p, are the magnitude and angle position of the reference inverter output voltage vec- 


tor UC. 


out 
The use of non-parity active vectors leads to a constant value of the CM voltage: 


es (21.31) 


and obviously does not allow CM current flow. 

The main drawback of the modified PWM is that the maximum value of the inverter output phase 
voltage is limited to the value U,/3, which leads to deformation of the motor current at higher ranges of 
motor speed. 


21.5.2 Three Active Vector Modulation (3AVM) 


The inverter output voltage can be increased simultaneously with CV voltage reduction using a method 
similar to the standard SVM. The modification of SVM uses all active vectors — no zero vectors are 
used [28, 29]. In [30], the modified modulation method is called three active vector modulation and is 
abbreviated as 3AVM. In 3AVM, a voltage vector plane is divided into six sectors (Figure 21.39). 

If both parity and non-parity active vectors are used, the CM voltage value has a value U,/3 when 
the output vector goes from one sector to the adjacent sector. Therefore, the CM voltage frequency is 
equal to six times the frequency of the first harmonic of the inverter output voltage. This is a much lower 
frequency of u, than that appears in classical SVM. Therefore, despite variation in ug, the CM current 


Sector 3 
(U_, U,,, U,,) 


Sector 1 
(U,,, U.» UL,) 


Sector 6 
(D305, 0s) 


Sector 4 
(Os U5 0) Uns 


Sector 5 
(U, hs Use UL.) 


Figure 21.39 Vectors and sectors in the three active vector modulation algorithm 
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is significantly reduced. Simultaneously, the amplitude of the inverter output voltage is 15.5% higher in 
comparison with the 3NPAV algorithm. 


21.5.3 Active Zero Voltage Control (AZVC) 


Another PWM method for decreasing CM current is active zero voltage control (AZVC). The method 
presented in [30, 31] is characterized by the replacement of zero vectors by two reverse active vectors 
(AZVC-2) or one active vector (AZVC-1). 

The principle of modulation by the AZVC-2 method is presented in Figure 21.40. 

For the case shown in Figure 21.40, the output voltage vector is the result of the particular active 
vectors U,,, and U „- The angular position of the output voltage vector is determined by times t, and tę, 
respectively. Both vectors correspond to active vectors with standard SVM. In comparison with SVM, 
instead of a zero vector, the reverse active vectors U „ and U „ are generated. Because the values of t, and 
t, are the same, the reverse vectors do not change the angle position of the output voltage vector — only 
the output voltage vector length is reduced. Thus, in method AZVC-2, the switching time calculations 
are as follows: 


Uut ` Tiap = Uvaty + Unt + Uyoh + Uys ts (21.32) 
Uwya * Une a Uwyp i Ussa 
ty = Ta aaa (21.33) 
$ j U,-™, 
Hye ` Ura, + Uy p . Ussa 
L=T. y y 21.34 
6 imp U, w, ( ) 
1 
t= ts 57 Timp =f, =) (21.35) 
where 
Wi = Uga Usep ii Usas Ussa (21.36) 


The principle of modulation by AVC1, presented in [27], is illustrated in Figure 21.41. 
For the case shown in Figure 21.41, the vectors U,,, and U „, have been properly chosen to assure the 


decrease in the magnitude of the output vector U,,,,. 


These vectors are, respectively, attached to the times 


Figure 21.40 The principle of AZVC-2 modulation: (a) vectors and (b) control signals (11+, T+, Ty*) and output 
voltage waveform uout 
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(a) 


Figure 21.41 The principle of AZVC-2 modulation: (a) vectors and (b) control signals 7+, T+ and Ty,* and 
output voltage waveform Uout 


t, and GB, where A = t,. The sum of times t and f, is equivalent to f, in classical SVM. In AZVC-1, the 
reverse vectors are chosen such that one of them must be the same as one of the active vectors determining 
the angle position of uga; that is, it is U,,, for the combination presented in Figure 21.41. In the method 
AZVC-1, the relation between vectors and switching times is 


üi i Uyaty + U w6t6 + U3 tz + Uat (21.37) 


out imp ~¥ 


The switching times ż, and ¢, are determined by (21.33) and (21.34), whereas 77 and ż, take the values: 


R= = (7, t4 — te) (21.38) 

Both AZVC methods make it possible to obtain the same maximum output voltage of the inverter as 
the SVM method. In comparison with the classical SVM, both the amplitude and frequency of the CM 
voltage are reduced and finally the CM current is also limited. 


21.5.4 Space Vector Modulation with One-Zero Vector (SVM1Z) 


The previously presented methods operate without zero vectors. This is a disadvantage, because it leads 
to problems with inverter output current measurement. In the voltage inverter operating with classical 
SVM, the output current has to be sampled synchronously with SVM. Simultaneously the sampling 
instant must be in the middle of the zero vectors period. If the samples are taken in that instant, then the 
instantaneous value of the current is nearly equal to the fundamental harmonic for the inverter output 
current [32—34] (Figure 21.42). 

The reduction of CM current while leaving the synchronous measurement unchanged is possible if 
only one of the zero vectors is eliminated, U „ or U „7. Thus, the modified SVM algorithm is called the 
Space Vector Modulation with One-Zero vector (SVM1Z) modulator. An example of the control signals 
and output voltage waveforms for SVM1Z is presented in Figure 21.43. 

The example shown in Figure 21.43 consists of a sequence including one-zero vector, U,,. and two 
active vectors, U „į and U,,,. When U,,,, is switched off, the same zero vector, U,,,, is applied. The number 
of transistors switching for one PWM cycle increases but will not influence synchronous sampling of the 
inverter output current. 

If one-zero vector is eliminated, the amplitude of the CM voltage is reduced by 33%. Unfortunately, 
dv/dt is increased for the instant of transition from active vector to zero vector, that is, from U,,,, to Uo- 
The comparison can be observed in Figure 21.44. 
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Figure 21.43 An example of control signals and inverter output voltage waveforms in the SVM1Z method 
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Figure 21.44 The comparison of CM voltage waveforms in the SVM and SVM1Z algorithms 
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The quantitative effect of the SVM1Z algorithm on CM current reduction is difficult to evaluate in an 
analytical manner. This is due to the fact that a model of the electrical machine CM is nonlinear and not 
perfectly defined. For these reasons, the usefulness of the SVM1Z method needs to be tested in practical 
applications. 

The use of SVM1Z methods can bring significant benefits in the case of CM filter use. With increasing 
frequency of up, the core of the CM choke will have a smaller diameter, or if the diameter is kept constant 
the CM current will decrease. 

A comparison of the SVM, AZVC-2 and SVM1Z methods is presented in Figures 21.45-21.47. 

As can be seen in the waveforms presented in Figures 21.35-21.37, the shape of the motor current is 
the same with SVM and SVM1Z. In the case of SVM1Z, the amplitude of the CM voltage decreases. 
The smallest CM voltage occurs in the case of AZVC-2 control, but the current shape is the worst. 

The practical implementation of SVM1Z is simpler than that of NPAV, AVM and AZVC. At the same 
time, the inverter output voltage is not reduced. So SVM1Z is implemented in some industrial inverters 
nowadays (Figure 21.48). 


Figure 21.45 The motor current and CM voltage waveforms in the case of classical SVM control 
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Figure 21.47 The motor current and CM voltage waveforms in the case of SVM1Z control 
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Figure 21.48 The motor current and CM voltage waveforms in the case of SVM1Z control with different zero 
vectors for output voltage position sectors 


In the case of SVM1Z, in each of the position sectors of the inverter output voltage vector, different 
zero vectors could be used. This minimizes the switching of transistors when the output vector crosses 
the border between the sectors. 


21.6 Summary 


Voltage inverters operating with PWM are a source of CM voltage. This voltage forces the CM current to 
flow through the parasitic capacitances of the motor. Part of the current flows through the motor bearings, 
causing their accelerated degradation. 

Nowadays, the most common type of failure of IMs is bearing failures. Therefore, the most reasonable 
course of action is to seek and implement solutions that will help prevent this damage. 

CM current reduction can be done either by increasing the impedance of the proper electrical circuit or 
by reducing the CM voltage. The impedance could be increased by using the appropriate passive filter, the 
CM filter. Reduction of the CM voltage is done by active solutions — mainly by methods for modification 
of the PWM. 

The solutions that use PWM modification are cheaper compared to the solutions involving the use of 
filters. With PWM modifications, no additional elements are required; only the appropriate changes and 
extensions in the control software are required. However, these PWM changes will result in increases 
in the number of transistor switching, which will cause the efficiency of the inverter to decrease, and a 
more efficient inverter cooling system could be required. 

Owing to the complexity of the motor CM electrical circuit and the nonlinearities of some elements, 
the usefulness of different PWM controls needs to be tested in real conditions. Nowadays, the analytical 
or simulation models presented are insufficient for estimation of the CM current. 
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22.1 Introduction 


Most natural gas (NG) reserves are located in areas (Middle East or Africa) far from large consumers, 
such as the United States, China and Japan. Therefore, the gas needs to be transported over long distances. 
However, NG is voluminous and the reduction of its volume is necessary prior to its transportation. NG 
volume can be reduced by around 600 times by using a liquefaction process; thus, making it more eco- 
nomical for storage and transportation [1]. The obtained liquefied natural gas (LNG) is a natural gas that 
has been cooled to —160°C changing it to a liquid. To carry out this task, several large refrigeration com- 
pressors are used for each LNG plant. The operation of these high-powered compressors requires a large 
drive system. Traditionally, these compressors, whose power exceeds 100 MW, are driven by large gas 
turbines (GTs) [2]. To start a GT, it is often combined with a 10-20 MW motor drive called a GT starter 
or helper [3]. Recent advances in power electronics technology have offered hope for the development 
of multi-megawatt electric drives to drive large-capacity compressors in modern LNG plants, instead 
of GT drives. These electric drives, also called variable frequency drives (VFDs), provide operational 
flexibility for driving compressors in LNG plants. VFDs are characterized by better efficiency, lower 
downtime, lower maintenance costs and lower emissions when compared with that of GTs. In general, 
VFDs are more suitable than GTs in liquefaction applications and are more environmentally friendly 
drives. Megawatt VFDs in LNG plants are connected to the grid-through power converters/inverters. 
Today, it is hard to connect a single power converter directly to medium-voltage grids for several rea- 
sons. Therefore, various architectures of multilevel inverters have emerged as a solution to this problem. 
VFDs are classified according to these converter topologies. The suitability of these converters for use 
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in LNG plants and the techniques used to control the megawatt VFDs are discussed. This chapter starts 
with an overview of LNG plants, outlines conventional GT, drives technoeconomic and environmental 
implications and introduces various electric drive technologies used for LNG plants, highlighting their 
limitations, technological problems and their impact on future LNG plants. 


22.2 LNG Plants 


An LNG plant is a facility that receives an NG feed from gas wells, processes it and liquefies it for 
shipping to distant customers. Usually, the plant comprises several processing “trains.” Many plants 
start with a single train and additional trains are installed later to cope with additional gas reserves. 
Figure 22.1(a) shows an example of a simplified train of an LNG plant overall flow scheme. In a typi- 
cal scheme, the feed gas is first pretreated to remove any impurities that might hinder the liquefaction 
process or affect the quality of the final product. Acid gases, sulfur compounds, water and mercury are 
among the impurities removed from the feed gas. The obtained product, called dry sweet gas, is then 
cooled by refrigerant streams to separate the heavier hydrocarbons. The remaining gas is cooled fur- 
ther to approximately —160°C to make it fully LNG. The resulting LNG is properly stored and made 
ready for transportation by custom-made ships. The liquefaction process represents 30-40% of the over- 
all cost of an LNG plant [4]. Many liquefaction processes are available in the market; Figure 22.1(b) 
shows that Philips optimized cascade LNG process, which is widely used. The liquefaction process is 
usually carried out in various stages using three pure component refrigerants: propane, ethylene and 
methane at various pressure levels. The refrigerants are circulated using centrifugal compressors driven 
by large GTs or motors. Traditionally, large GTs with power exceeding 100 MW drive the liquefaction 
compressors. In order to start a GT, it is often combined with a 10-20 MW motor called a GT starter 
or helper. 
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(b) Simplified diagram of Phillips optimized cascade LNG production process 


Figure 22.1 (a) Simplified LNG train and (b) example of liquefaction process 
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22.3 Gas Turbines (GTs): the Conventional Compressor Drives 


Traditionally, large GTs are used for power generation applications. GT’s reliability and performance 
have improved through these applications. This successful use of GTs in generation helped in the adopt- 
ing of larger ones for particular mechanical-drive applications. 

Several major LNG plants are embracing GTs as drivers for liquefaction compressors. However, the 
change from generator-drive applications to mechanical-drive applications brings new considerations, 
such as variable speed operation, starting method, torsional and lateral acceptability, continuous service 
reliability and so on [5]. 


22.3.1 Unit Starting Requirements 


When a single-shaft generator-drive GT starts driving an unloaded generator, a modestly sized start- 
ing motor (or other starting means) can bring the GT to self-sustaining speed and torque. With a 
single-shaft GT mechanical drive, the net available torque from the standard GT starting system (starter 
motor/converter) is inadequate to start a typical load compressor. To overcome this shortfall, in most 
GT compressor drive applications, an adjustable speed electric motor drive (ASD) is used, as shown in 
Figure 22.2. This starting ASD can also be used as a helper drive on the train. The ASD provides the 
entire starting torque, the magnitude of which will vary according to the particular characteristics of 
the process compressors and the method and degree of unloading achieved [5]. The need for starting is 
only one issue regarding the use of GT drives. GTs have limited speed/power characteristics, as outlined 
in Figure 22.3. As the power increases, the speed decreases and LNG compressors need high-power 
high-speed operation. 


22.3.2 Temperature Effect on GT Output 


Because the GT is an air-breathing engine, its performance is changed by ambient weather conditions, 
such as humidity and ambient temperature. The effect of humidity is thought to be less important than 
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Figure 22.2 Conventional compressor drive system 
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Figure 22.4 Effect of ambient temperature on GT output power 


temperature change. Figure 22.4 shows how the output of a GT is significantly affected by the ambient 
temperature. This is one of the most critical issues in GT drives and to overcome this, a helper motor is 
needed to produce the lost power. 


22.3.3 Reliability and Durability 


Conventionally, the GT’s control system has full flexibility to coordinate with the sequencing and control 
requirements of the load equipment/process, including the precise speed control of the train. The GT’s 
control system uses redundant controllers and redundant sensors to enhance the reliability. 
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As shown in the above, all GTs, by the nature of their physics and design, have inherent limitations: 


(a) Limited speed range especially for high-power GTs 

(b) Not self-starting, slow starting and cannot accelerate a load compressor 

(c) As a mechanical drive, a GT has lower efficiency than the combined cycle type GT used for 
generation 

(d) Lower lifetime owing to high thermal and mechanical stresses caused by high-ambient temperatures 

(e) Output power depends on ambient temperatures and efficiency degrades with the rise of temperature 

(f) Complexity and sensitivity of the machine 

(g) Periodic maintenance is required 

(h) Limited vendor competition 


22.4 Technical and Economic Impact of VFDs 


In LNG plants, the GT-driven compressor power rating is approximately 100—120 MW. To replace GTs 
of this size, electric motors should be capable of delivering such power at the LNG compressor speed. 
These types of motors are widely used as generators with capacity exceeding 250 MW. In LNG appli- 
cations, two-pole motors of this size can be used. VFDs using two-pole motors are technically and 
economically viable solutions for the required LNG power ranges. In such cases, VFDs can be used 
to drive a compressor with higher efficiency, as illustrated in Figure 22.5. Suppliers of electric motors 
and VFDs are proposing various drives to control these high-power motors. The following sections will 
highlight the latest technological achievements in these fields. 

Table 22.1 provides a comparison of the GT and VFD characteristics. Using VFDs has a number 
of significant advantages over the conventional GT in terms of maintenance, reliability, efficiency and 
air and noise pollution. Conventional GTs require extensive and costly periodic maintenance. On the 
other hand, VFDs require less maintenance and, thus, offer greater availability and efficiency for LNG 
production. Moreover, LNG production using VFDs is not affected by ambient temperature, as in the 
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Figure 22.5 VFD-based compressor drive system with around 55% overall efficiency 
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Table 22.1 Comparison of the characteristics of GT-drive and VFD for LNG compressor 


GT (Gas turbine) drives 


VFDs 


Initial investment cost 
Running and maintenance cost 
Efficiency 


Availability 


Maintenance 

Shaft length 

Noise level 

Speed control range 
Greenhouse gasses production 


Low 
High 
<35% 


95% (shutdown 15 days/year) 


Periodic maintenance (15 days/year) 
Long 

Very high 

Limited 

High 


High (including power generation) 

Low 

>95% for VFD only 

~55% (including combined cycle 
(CC) GT unit generating electric 
power for VFD) 

Almost 100% (no major shutdown 
is needed) 

More less maintenance free 

Short 

Moderate 

Wide 

Low (including the CC power 


generation unit) 


case of using GTs. Ambient temperature changes affect the performance of GTs, as shown in Figure 22.4, 
which is why in the case of a GT drive, a starter motor is used as a helper motor in order to overcome 
the shortage of power experienced at higher ambient temperatures. 


22.5 High-Power Electric Motors 


For large-capacity applications such as LNG plants, two types of electric motors are mainly used: induc- 
tion motors (IMs) and/or synchronous motors (SMs). Each type of motor has its own specific features 
and it is selected according to the application type, the electric power network and environmental con- 
ditions [6]. In practice, depending on the application case, a detailed comparison between the various 
motors is necessary in order to select the most suitable type. The following general facts are observed 
during the selection of motor type. Although SMs are more complex owing to the need for an exciter and 
controller to operate, they are characterized by higher efficiency, controllable power factor and constant 
rotating speed regardless of load variation. On the other hand, IMs are simpler and are of lower cost. For 
high-speed rotation applications, IMs are preferred because the rotor structure is simple and can be made 
stiff. SMs are most likely selected for large-capacity applications because it is easier to realize a machine 
with large torque output. Figure 22.6 shows the concepts of the trade-off trends between motor capacity 
and rotating speed. Note that the numbers given in the figure are approximate ranges of motor power and 
speed. Figure 22.6 also shows the physical limits of manufactured motors. The higher the rotating speed, 
the higher is the centrifugal force applied to the rotor, which increases as the rotor radius increases. A 
larger motor should withstand the larger centrifugal force of its rotor compared with a smaller motor 
rotating at the same speed. The centrifugal force F is proportional to the square of rotor speed and the 
radius of the rotor 


2 
Farn = (2x2 ) (22.1) 


where r is the radius of the rotor, œ is the angular rotor speed (in rad/s) and n is the rotating speed in rpm. 

The rotor can be manufactured from several types of materials, such as steel with conductors of 
aluminum or copper. The mechanical strengths of these materials determine the stiffness of the rotor. 
Therefore, the rotor has finite stiffness and a limit to the centrifugal force it can withstand. As a result, 
when the rotating speed is higher, the motor capacity is most likely smaller. 
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Figure 22.6 Areas of use of induction and synchronous motors 


22.5.1 State-of-the-Art High-Power Motors 


Technologies for very high-speed and large-capacity motors in the range of several tens of megawatts are 
introduced by showing actual motor examples. For very high-speed applications, special considerations 
are taken regarding the mechanical structure of the rotor and bearing. Although of higher efficiency, 
for large-capacity applications, cooling considerations is taken into account to reduce further the losses 
in the motors. Furthermore, an explosion proof construction is generally required for use in hazardous 
locations such as LNG plants [7]. 


22.5.1.1 Induction Motor 


An example of a very high-speed and large-capacity IM rated at 3.3 MW and 11 430 rpm is shown in 
Figure 22.7. The motor can be used with the drive inverter for adjustable speed operation. The IM illus- 
trated is a squirrel cage type with a totally enclosed water-to-air-cooled (TEWAC) enclosure. The air 
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Figure 22.7 3.3 MW, 11 430rpm induction motor construction 
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Figure 22.8 8 MW, 10000rpm induction motor with magnetic bearing (Reproduced by permission of TMEIC) 


cooler and cooling fans are mounted on the top of the motor’s main structure and the cooling air is cir- 
culated within the motor enclosure. The cooling air is forced to circulate by the auxiliary fans, as shown 
in Figure 22.7. Note that the cooling system is closed, and that no air is introduced from the outside 
atmosphere. The air is cooled by exchanging the heat using water. The motor is a two-pole machine 
and the rotor type is solid for very high-speed applications. For the optimal rotor design, a mechanical 
strength analysis was performed beforehand with the finite element method. The bearing is another of 
the important items of a very high-speed motor. In Figure 22.7, the tilting pad bearing is a sleeve type, 
which is selected to guarantee a stable operation over a wide range of speed. 

Figure 22.8 shows an external view of another very high-speed motor example rated at 8 MW and 
10000 rpm. This is a similar motor to the motor shown in Figure 22.7, but a magnetic bearing is used to 
levitate the rotor shaft. The absence of mechanical contact offers good maintainability and small loss in 
rotation. However, the system needs a controller to regulate the shaft position control. 


22.5.1.2 Synchronous Motor 


The structure of a synchronous motor rated at 25 MW and 3600 rpm is illustrated in Figure 22.9(a). The 
motor comprises the rotor, the stator and a TEWAC enclosure to comply with the safety requirements of 
LNG and similar plants. The cooling system does not introduce air from outside, and the airflow is forced 
to circulate within the enclosure, as shown in Figure 22.9(b). In this case, the air is driven by the fans 
installed at the rotor shaft. The heated air is cooled by heat exchange with the external secondary cooling 
media, which in this case is water. The cylindrical rotor has two poles and it is cut from a bulk of forged 
alloy. The shaft is flexible and has structure with good balance for adjustable speed from 70-105% of 
the rated rotating speed. The motor is suitable for adjustable speed operation with the high-voltage and 
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Figure 22.9 External view and construction of 25 MW, 3600 rpm synchronous motor: (a) external view and (b) con- 
struction (Reproduced by permission of TMEIC) 


large-capacity drive inverters, which are introduced in the following section. The stator is supported by 
a spring structure, which reduces mechanical vibration. 

By applying the technologies described above, much larger capacity two-pole SMs can be realized. 
Figure 22.10 shows a two-pole synchronous motor rated at 53 MW and 3000 rpm. 


22.5.2 Brushless Excitation for SM 


The synchronous motor needs an excitation to flow current in the rotor winding. Conventionally, the 
DC current is supplied by an external excitation circuit using a thyristor rectifier. The excitation current 
flows through the sliding contacts between the brush and the slip ring on the rotor shaft. The conceptual 
construction of the excitation circuit is shown in Figure 22.11. However, the brushed excitation needs 
periodic maintenance. In addition, the difficulty increases with much higher speeds or larger capacities 
because of the larger current flowing through the brushes and the higher rotating speed of the slip rings. 

Recently, a brushless excitation has been applied by installing an auxiliary excitation generator and a 
rectifier on the rotor shaft. A brushless excitation is shown in Figure 22.12, illustrating the main difference 
to brushed excitation (shown in Figure 22.11), which is where the excitation is done by the stationary 
winding, that is, the stator. The auxiliary excitation generator outputs an AC current and the rotating 
rectifier rectifies the AC current to a DC current to flow in the rotor of the SM. In fact, two methods are 
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Figure 22.10 53 MW, 3000 rpm synchronous motor (Reproduced by permission of TMEIC) 


Exciter 
Excitation Ki AC current 
DC current 
T aj 
ae 
Stator 
E | | Brushes 
Paa 
Gi Shatt Excitation 
L~~ controller 
Slip rings 
Stator 


Synchronous motor 


Figure 22.11 Brushed excitation for SM using brushes and slip rings 


AC current 
controller 
AC current AC current 
Excitation E 
DC current > fr 
Stator Stator 
— |e 
Rotor F Rot 
| EN | oos math Excitation 
controller 
t= | 
Stator Rotating 
rectifier —— | 
5 Auxiliary generator 


Main synchronous motor 


for excitation 


Figure 22.12 Brushless excitation of SM 
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applied to excite the stator of the auxiliary excitation generator. One is to apply a DC current and the 
other is to apply an AC current, as shown in Figure 22.12. 

In the case of an AC current excitation, the auxiliary excitation generator operates as it does in the 
wound-rotor induction generator. This type of circuit is used in large-capacity adjustable speed SMs, 
because it can generate steady power while the rotating speed of the main motor varies. By regulating 
the AC current supplied from the external power source using the thyristor switches or equivalent circuits, 
the output AC current from the auxiliary excitation generator can be controlled and then the field current 
can be controlled. 

In the case of a DC current excitation, the auxiliary excitation generator operates as it does in the 
synchronous generator. In this case, the auxiliary excitation generator cannot produce power when the 
main motor is at a standstill. Therefore, this circuit is only applied to the synchronous motor operating 
at constant speed. 


22.6 High-Power Electric Drives 


Large-capacity motors rated at several tens of megawatts are realized by the technologies described ear- 
lier. For adjustable speed operation of such large-capacity motors, to match up with the capacity of the 
converters, combinations of multiple inverters are used to drive the motor. To synthesize the outputs from 
multiple inverters, the following methods of connections are used in practice: 


e Parallel connection of inverters through balance reactors at the output 
e Synthesis of inverter outputs through a multiwinding transformer 


Two types of connections with dual converters are shown in Figure 22.13. For these systems, instal- 
lation space is required for the balance reactors or for the transformers, in addition to the motor and the 
inverters. 

Multiwinding motors are driven by more than one converter. In this case, the armature windings are 
separated into groups and each group’s input terminals are connected to one of the converter/inverter set. 
Figure 22.14 shows a two windings motor driven by dual converters. 


22.7 Switching Devices 


Together with the development of semiconductor switching devices for higher voltage and larger capac- 
ity, the drive inverter is also developed for higher voltage and for larger capacity [8]. This section 
introduces briefly the development history of the semiconductor switching devices used for high-power 
VFDs. Thyristors, insulated-gate bipolar transistors (IGBTs), injection-enhanced insulated-gate transis- 
tors (IEGTs) and gate-commutated thyristors (GCTs) are the main switching devices used in high-voltage 
large-capacity drive inverters. 

The thyristor was the first semiconductor switching device developed for large-capacity use. The 
thyristor was commercialized in 1952 and developed for higher voltage and larger current ratings. In 
the 1990s, thyristors rated at several kilovolts and several kiloamperes were commercialized, as shown 
in Figure 22.15. 

Thyristors are only on-controlled devices, gate turn-off thyristors (GTOs) were developed as on-off 
controlled thyristors. However, GTOs require anode reactors, snubber circuits and bulky gate-drive 
circuits. Owing to semiconductor technologies, GCTs were developed to replace GTOs. The GCT 
shows better gate controllability and can realize large-capacity drive inverters with simpler circuit 
configurations. 

Transistors able to handle large power were commercialized in the 1980s. The IGBT was developed to 
deal with higher voltages than conventional transistors. The first generation of the IGBT was developed 
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Figure 22.13 Two possible connections of dual converters for driving a motor: (a) parallel connection using reactor 
and (b) synthesis with transformer 
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Figure 22.14 Multiwinding motor drive using dual converters 


High-Power Drive Systems for Industrial Applications: Practical Examples 707 


100M 5600 A-8000 V 

3800 A-8000 V, 
3500 A-8000 V, 
2500 A-6000 V 


Thyristor 
GCT 

6000 A-6000 V 
3000 A-4000 V 
10M F 


REL GTO 3000 A-4500 V 1500 A-4500 V 


SiC 
600 A-2500 V +, 
00 A-1000 V 800 A-1200 V 
150 A-1000 V 200 A-900 V 
400 A-300 V 


100k 300 A—450 V 


100 A—600 V 
80 A-400 V Piwi 
ower 200 A-600 V 
Transisjéor 
10k l 


l | | | J 
1960 1970 Mo A400 V 1980 1990 2000 2010 2020 


IM- 


Power rated voltage x current (VA) 


35 A-1200 V 


Year 


Figure 22.15 Development of semiconductor switching devices 


in the 1980s. The ongoing development of IGBTs continues to improve performance on a yearly basis. 
At present, the sixth generation of IGBTs is commercialized. Furthermore, the IEGT was developed to 
handle large currents in the range of kiloamperes. The voltage drop in the IEGT is kept low while large 
current conducts by the injection-enhanced effect. 

The semiconductor switching devices introduced earlier are all made of the silicon wafer. The next 
generation of semiconductor switching devices, actively under development, will be made of silicon car- 
bide (SiC) wafer, which is a better material than silicon and more suited to high-voltage and large-current 
applications. However, at present, the development is only at the stage for small-capacity and low-voltage 
applications. It seems to take time before the technology is sufficiently advanced for application to 
high-voltage and large-capacity drive inverters rated in the megawatt range. 


22.7.1 High-Power Semiconductor Devices 


This section explains the operation and features of the high-voltage large-current semiconductor switch- 
ing devices applied in large-capacity inverters. 


22.7.1.1 Thyristor 


The symbol representing a thyristor and a sample photo of a high-power thyristor are shown in 
Figure 22.16 [9, 10]. Thyristor are turned off mainly by the induced AC voltage of the motor, namely 
the load of the thyristor bridge. Thus, such equipment is called a load-commutated inverter (LCI). In the 
past, self-commutated voltage source inverters (VSIs) were developed using thyristors with auxiliary 
circuits to force the thyristors to turn off. These days such types of inverters are rarely used because the 
development of self-commutated semiconductor switching devices can achieve better results. 


22.7.1.2 IGBT 


The symbol for the IGBT and a picture of an example are shown in Figure 22.17 [11]. IGBTs are easily 
turned on and off simply by applying a gate voltage signal. IGBTs are widely used in voltage source 
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Figure 22.16 Thyristor symbol and a typical device example (Courtesy of ABB) 
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Figure 22.17 IGBT symbol and a typical device example (Courtesy of Mitsubishi Electric) 


self-commutated inverters, especially for low-power drives. Typically, in the IGBT package, antiparallel 
diodes are also installed, as illustrated by the symbol. 


22.7.1.3 IEGT 


The IEGT is also a semiconductor switching device that can be turned on and off by the gate voltage 
control. The IEGT has two points of improvement and can handle high voltage and large current. An 
example of an IEGT is shown in Figure 22.18 [12]. Unlike the IGBT, the high-voltage IEGT applies an 
internal structure to increase the carrier density in the wafer in order to keep the on-state voltage low, 
and thus, the loss is also kept low. Usually, the IGBT package is of modular type where only the bottom 
of the package can be cooled by the heat sink. In contrast, the IEGT package is of presspack type, as 


Figure 22.18 IEGT device (Courtesy of Toshiba) 
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Figure 22.19 GCT device (Courtesy of Mitsubishi Electric) 


shown in Figure 22.18, and both sides of the package can be cooled using two heat sinks. This structure 
of package is suitable for large-current applications. 


22.7.1.4 GCT 


The GCT is a semiconductor switching device that has similar internal structure in the silicon wafer to 
the thyristor. However, it is apparently different from the thyristor, because it is a self-turn-off device. 
In order to deal with the large current of the power circuit, the gate terminal has a ring shape, as shown 
in Figure 22.19 [13]. The GCT is a semiconductor switching device suitable for VSIs and it has the 
following features: 


e Small conduction loss even rated at high voltage 
e Two-side cooling possible because of presspack structure 


The GCT device and its gate-drive unit (GDU) are often housed together to form an integrated GCT 
(IGCT). 


22.8 High-Power Converter Topologies 


VFDs are categorized according to the configuration of the used power electronics inverter. Two main 
configurations are used: (1) current source inverter (CSI) and (2) VSI. In each configuration there are 
various topologies used. For CSI drives, the topology most often used is the LCI, which is described in 
the following section. 


22.8.1 LCI 


The LCI, as its name indicates, relies on commutation by the connected motor (or load). LCI covers 
a large variety of industrial applications in a power range up to 100 MW [14]. Using thyristors as the 
main commutation devices, LCI-based large-capacity drives are possible. Figure 22.20(a) shows an LCI 
circuit comprising a thyristor converter bridge and a thyristor inverter bridge. Series-connected thyristors 
can make the LCI capable of generating high-voltage output. The thyristor inverter is commutated with 
the help of motor back-emf voltage. As a result, LCI drives are limited to just SMs. LCIs have been 
used widely in high-power applications owing to the robustness and low cost of thyristors. Although this 
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Figure 22.20 Inverter types and harmonics current flows in LCI and VSI: (a) LCI and (b) VSI 


technology is known for its simplicity, LCIs suffer from many drawbacks, such as high-grid harmonics, 
poor power factor and larger motor torque ripple [3]. Therefore, an LC filter is used to mitigate the 
undesired harmonics injected into the grid by LCI drives. The capacitor of the tuned LC filter might 
cause some undesirable phenomena in the power network such as resonance. 


22.8.2 VSI 


Currently, GCTs, IGBTs and IEGTs are available for high-power applications and constitute the main 
switching devices for VSIs. Electric drives based on VSI are characterized by lower harmonics con- 
tent, higher power factor and lower torque pulsations than LCI drives. Figure 22.20(b) shows a low-cost 
VSI-based drive system. The front-end AC/DC converter can be a rectifier (case of Figure 22.20(b)) or 
a PWM converter to allow four-quadrant operation including regeneration of power. 

As VSIs exhibit lower current harmonics than the LCIs, subsynchronous torsional interactions and 
interharmonics are of lesser concern [15]. 

To simplify the understanding of the harmonics effects on the drive based on LCI (Figure 22.20(a)) and 
the drive based on VSI (Figure 22.20(b)), the harmonics flow is shown in Figure 22.20. These harmonics 
and interharmonics in LCI depend on the speed of the motor and might cause torsional interactions [15]. 
Note that the harmonics current flows shown in the figure do not take into account the mechanism of 
AC/DC conversion. The interaction between inverter and rectifier harmonics in LCIs are an important 
concern [16]. The frequency of these grid harmonics produced by the LCI are speed dependent and, 
therefore, might decrease in order to match the torsional resonance frequency of the drive system [15]. 
With a typical design of LCIs, the bulky intermediate reactor is not enough to lower the current harmonics 
in the DC circuit, which affects the harmonics in the grid, as shown in Figure 22.20. Unlike LCIs, VSIs 
dominant harmonic components are located at a relatively high-switching frequency and can be absorbed 
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Table 22.2 Comparison of LCI and VSI drives 


Comparison parameter LCI drives VSI drives 

Grid-side harmonics For 12-pulse LCI <11% harmonics filter <5% harmonics filter not required (PWM 
required power grid resonance concerns rectifier is used) 

Ride-through capability Limited Robust 

Torque ripples <7% (12-pulse) large torque ripple. Need <0.5% use of standard compressor and 
for special compressor design. Torsional less concerns for torsional issues 
vibration issues 

Efficiency High High 

Reliability Well-established know-how, long history Field-proven technology, newer 


technology for high-power applications 
with good applications references 


by the large DC capacitance, as shown in Figure 22.20(b). Therefore, the harmonics of the rectifier’s 
AC line currents are reduced significantly. Moreover, these harmonics are lowered further by the line 
impedance, which makes the VSI drive system preferable to the LCI drive system. 


22.8.3 Summary 


Table 22.2 compares the characteristics of LCI and VSI drives. The VSI outperforms the LCI for LNG 
plants. VSIs are more suitable for high-power VFD applications. Although the VSI devices’ (IEGT, 
IGCT) power ratings have improved recently, they cannot handle the megawatt ratings of VFDs that are 
required for LNG plants. New topologies of inverters called multilevel inverters (MLIs) have emerged 
that provide better performance when working at higher power demands [17—20]. 


22.9 Multilevel VSI Topologies 


The main circuit of the drive equipment that supplies the motor with the necessary variable frequency 
power is the inverter, which is a DC-to-AC converter. The inverter can control the rotating speed and the 
torque of the motor by varying its output voltage and frequency. 

This section introduces briefly the main inverter circuit structure and the principle of operation of 
multilevel inverters, which are used for high-power applications such as in LNG plants. In general, the 
inverter for which the number of voltage steps in the output voltage waveform is larger than or equal to 
three is called the MLI [21]. For better understanding of MLIs, the description starts from the simplest 
inverter, which is the two-level inverter. 


22.9.1 Two-Level Inverters 


The circuit topology of the two-level inverter is shown in Figure 22.21(a). The inverter is a three-phase 
bridge consisting of a DC voltage source E and six semiconductor switching devices. The three-phase 
bridge consists of three similar legs. In the explanation, it is assumed that the midpoint of the DC voltage 
source is at the ground potential. The leg structure of phase A is used for the description of the principle 
of operation. The leg has two switching devices U and X. U connects the positive terminal of the DC 
voltage and the AC terminal. X connects the negative terminal of the DC voltage source and the AC 
terminal. When the device U is on, the phase A outputs the voltage step of +E£d/2. When, the device X 
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Figure 22.21 Circuit configuration and operation principle of two-level inverter. (a) Three-phase VSI bridge and 
(b) operation of one leg and output voltage levels 


is on, it outputs voltage step of —Ed/2. Therefore, the phase A outputs two voltage levels, +Ed/2 and 
—Ed/2, as shown in Figure 22.21(b). 

By appropriately controlling the width ratio between +£/2 and —E/2 using PWM control, the voltage 
waveform can be obtained with the desired voltage amplitude and frequency. By applying the voltage 
waveform to the motor, owing to the impedance of the motor, the current of high-frequency compo- 
nents around the PWM carrier frequency is blocked and mostly the current component of the desired 
frequency flows in the motor. The output voltage waveforms of the two-level PWM inverter are shown 
in Figure 22.22, both for phase-to-neutral and for phase-to-phase. 


22.9.2 Multilevel Inverters 


As MLIs can handle high voltage/current using IGBTs, IEGTs, or IGCTs, they dominate high-power 
applications. Using the same switching frequency, the output waveforms are of better quality than the 
classical two-level inverter topologies. MLIs are characterized by smaller filtering elements, high mod- 
ularity, high flexibility and multilevel voltage outputs with less harmonics components. Thus, MLIs 
topologies are more appropriate for high-power drive systems. 
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Figure 22.22 Voltage waveforms of two-level PWM inverter 
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22.9.2.1 Three-Level Inverters 


Among the circuit topologies of MLIs is the three-level inverter; a circuit topology where the neutral 
point (NP) is connected to the AC output through a diode. The circuit topology is shown in Figure 22.23. 
This type of three-level inverter is called the neutral-point-clamped (NPC) inverter [22]. 

The DC voltage source consists of two voltage sources: the positive voltage source and the negative 
voltage source. The connection point of the two voltage sources is the NP 0. Twelve semiconductor 
switching devices are used in the circuit. The leg of phase A consists of switches A1, A2, A3 and A4. 
When A1 and A2 are on, the output of phase A is connected to the positive terminal of the DC volt- 
age source, P. When A3 and A4 are on, the output of phase A is connected to the negative terminal 
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Figure 22.23 Circuit configuration of NPC three-level inverter 
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of the DC voltage source N. The diodes AP and AN are connected to the NP. The output voltage is as 
follows: 


e Al and A2 are on, then v, = +E£/2 
e A3 and A4 are on, then v, = —E/2 
e A2 and A3 are on, then v, = 0 


The phase voltage output has three levels: +£/2, —E/2, or 0, as shown in Figure 22.24. 

By appropriately controlling the ratio of the widths of +£/2, 0 and —E/2 using PWM control, the output 
voltage amplitude and frequency are controllable. The high-frequency components of the output current 
are suppressed by the impedance of the motor. Therefore, only the fundamental frequency component of 
the current flows in the motor. The phase-to-neutral and phase-to-phase of the output voltage waveforms 
for the NPC (three-level) inverter are shown in Figure 22.25. 

When similar semiconductor switching devices (same voltage rating) are used, the three-level inverter 
can handle voltage levels twice those of the two-level inverter. As a result, the circuit topology of the 
three-level inverter is suitable for high-voltage applications. Furthermore, the three-level inverter outputs 
more voltage levels, and its voltage waveform is more sinusoidal than the two-level inverter. 

Other topologies of three-level inverters exist; however, the NPC type is widely used in industry, espe- 
cially for LNG plants. Other three-level inverter topologies are rarely used for large-capacity applications 
rated at several tens of megawatts. 
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Figure 22.24 Operation principle of three-level NPC inverter 
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Figure 22.25 Voltage waveforms of NPC three-level inverter 


22.9.2.2 Five-Level Inverters (Star Connection of two NPC Inverters) 


Using NPC as a cell, a five-level inverter is introduced for high-power applications. The circuit topology is 
constructed from a combination of three-level inverters introduced above. The circuit topology is shown 
in Figure 22.26 [23]. 

A single-phase inverter consists of two legs of a three-level inverter. One output terminal of a 
single-phase inverter is connected to the neutral, while the other output is one phase output of the 
five-level inverter, which is connected to the motor terminal. It is worth noting that the middle point 0 
of the DC voltage sources of the single-phase inverter has different potential from the neutral bus of 
the star-connected total system. This circuit topology can output the following five voltage levels or 


Phase C 


Neutral 


Phase B 


Figure 22.26 Circuit configuration of star-connected five-level inverter 
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Table 22.3 Combination of voltage levels of star-connected circuit 


Phase A voltage Leg A1 output voltage V, Leg A2 output voltage V, 


to neutral Vay 0 to neutral 0 to phase A 

-E -E/2 +E/2 
-E/2 -E/2 0 

0 +E/2 

-E/2 -E/2 
0 0 0 

+E/2 +E/2 

+E/2 0 -E/2 
+E/2 0 

+E +E/2 -E/2 


steps: +E, +£/2, 0, —E/2 and —E. The reference point of these levels is the neutral bus and is obtained 
by combination of the output voltages from the two legs of the single-phase inverter, as shown in 
Table 22.3. In addition, the voltage amplitude is doubled compared with that of the three-level inverter. 
The voltage waveforms are shown in Figure 22.27. As the number of voltage levels is larger, the voltage 
waveform approaches the sinusoidal waveform more closely than does the three-level inverter. As the 
phase-to-phase voltage has nine levels of voltage, the motor current ripples are smaller and the currents 
are almost sinusoidal waveforms. 

A developed 30 MW, five-level drive inverter using an NPC cell is shown in Figure 22.28 and its output 
voltage and current waveforms are shown in Figure 22.29. In the example, or in similar drive inverters, 
large-capacity semiconductor switching devices, such as IEGTs or GCTs, introduced in an earlier section, 
are used. The number of semiconductor switching devices is 24, as shown in the circuit drawing of 
Figure 22.26. By using large-capacity semiconductor switching devices, large-capacity drive inverters 
rated around 20-30 MW can be realized with a small number of semiconductor switching devices. The 
rated output voltage of the drive inverter shown in Figure 22.28 is 7.2kV. The drive inverter can be 
considered to have high reliability because it realizes high voltage and large capacity with the simple 
circuit topology and with a small number of devices. 

Furthermore, the low-frequency harmonics are canceled out with the special PWM pulse pattern in the 
five-level inverter shown in Figure 22.28. This pulse pattern suppresses the low-frequency torque ripples, 


Van=Vo-V, 
DC voltage 
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Figure 22.27 Operation principle of star-connected five-level inverter 
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Figure 22.28 30 MW NPC-cell-based five-level inverter set (Reproduced by permission of TMEIC) 
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Figure 22.29 Output voltage and current waveforms of a five-level inverter 
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Figure 22.30 25 MW drive system test bench 


Single-phase inverter 


Diode rectifier 


. To cell above 
DC capacitor A 


Three-phase AC 
input from 
transformer 


Wide: ee eee a 


Circuits in a cell 


From cell below 


winding 
transformer 


High-voltage motor 


Figure 22.31 Typical multilevel inverter using full-bridge single-phase multicells connected in series 
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Figure 22.32 Line-to-line output voltage waveforms of multicell six-series cells 


which could coincide with the low mechanical resonance of the large-capacity compressor of an LNG 
plant [24]. 

In order to test the 30 MW, NPC-based electric drive system, and assess its performance, a proper test 
bench was developed. A 25 MW test bench facility based on the recuperation of the mechanical energy 
in electrical energy to be fed back to the electric drive is realized, as shown in Figure 22.30. Thus, tests 
are carried out with minimum power drawn from the power line; it is only the losses that are needed from 
the power grid. 


22.9.2.3 Multilevel Inverters (Cells in Series Connection) 


One of the most popular circuit topologies of the MLI is the series connection of several cells. The 
circuit topology and the detailed circuit in the cell are shown in Figure 22.31. The output section of the 
cell consists of a single-phase inverter. In practical application, the single-phase inverter is made of an 
IGBT with a modular type package and its AC output voltage is around 1000 Vrms. Then, to obtain the 
6kV output, six cells are connected in series, and a large number of IGBTs is used in the inverter-based 
drive system. 

Figure 22.32 shows the output voltage waveform of the drive inverter with six cells in series. The 
number of voltage levels is large and near sinusoidal waveforms can be obtained. 

For supplying the DC power to each cell, a multiwinding transformer is used. The multiwinding trans- 
former provides insulation among cells and reduces low-order harmonic current components to the AC 
power system by shifting the phases of the winding from each other. 


22.10 Control of High-Power Electric Drives 


A general block diagram of the VFD is shown in Figure 22.33 where some practical issues are high- 
lighted. A drive system should overcome these technical issues if it is to operate in an industrial environ- 
ment such as LNG plants. For LNG plants, electric drive efficiency, reliability and robustness to power 
network disturbances are the main concerns of the plant operators. These issues are still challenging tasks 
for the designers, researchers and drive manufacturers. 

The following three main techniques are available to manufacturers for the control of electric 
drives: 
1. V/f control 
2. Field-oriented control (FOC) or vector control (VC) 
3. Direct torque control (DTC) 
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Figure 22.33 Practical issues in a drive system 


The V/f method keeps the ratio V/f constant when controlling an IM. It consists of proportionally 
controlling, in an open-loop manner, the voltage and frequency in order to keep the flux constant in an IM, 
as shown in Figure 22.34(a). This scalar open-loop frequency control method operates without a speed 
sensor. Although simple, this control technique suffers from many drawbacks, such as the steady-state 
inaccuracy and poor dynamic performance. Decoupling between flux and torque levels is not possible in 
this control technique, and thus, independent control of flux and torque is not possible. Poor performance 
at low speed is observed in the V/f method. Transient operation is uncontrollable in the V/f controlled 
drive and the system might become unstable. Techniques have been developed to improve the stability 
of the V/f control [25]. The FOC or VC methods (Figure 22.34(b)) control independently the torque and 
flux components. Therefore, implementation of direct flux control is possible. In general, a speed/position 
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Figure 22.34 Evolution of AC motor drive control techniques: (a) V/f, (b) FOC or VC and (c) DTC 


High-Power Drive Systems for Industrial Applications: Practical Examples 721 


sensor is required for the implementation of the VC, which includes two current controllers: one for the 
flux component and the other for the torque component. These controllers are realized in the dq frame 
rotating with the rotor flux. A transformation of the voltage references (output of current controllers) from 
the rotating frame to the stationary frame is needed. A PWM inverter will output voltages proportional 
to voltage references. The DTC was proposed in 1985 [26, 27]. In these preliminary proposals, two 
hysteresis controllers were used for the control of stator flux and torque of the motor. The simplicity of 
this DTC technique is made possible by avoiding coordinate transformation and by using a look-up table 
to select the appropriate voltage vector of the inverter. The DTC can achieve the decoupling between flux 
and torque without using a speed sensor and the PWM technique. Owing to the simultaneous control of 
the flux and the torque, the DTC scheme exhibits a higher dynamic performance. However, hysteresis 
controls with their variable switching frequencies and limited number of voltage vectors in the inverter 
control are known to cause torque ripples in the motor and poor steady-state performance at low speed. 

Unlike small motors, large motors have low stator/rotor resistance values; thus, a low damping factor 
is obtained. The low damping factor makes the control of high-power motors difficult and prone to insta- 
bility. Small motors (i.e., IMs) have higher damping factors, are easier to control and are unlikely to be 
unstable. To illustrate this, Figure 22.35 shows the pole positions for small and large IMs as a function 
of operating frequency. These low damping factors of large IMs make their control vulnerable and might 
easily cause oscillations [25]. A new approach to improve the damping factor of high-power motors 
using current feedback is proposed in [25]. A virtual resistance based on current feedback is obtained to 
realize active damping; as a result, controllers developed for small motors can also be used for control 
of high-power motors. 


22.10.1 PWM Methods 


In many high-power applications, energy saving is critical; therefore, the minimization of energy losses is 
necessary. VFD losses might come from the motor as well as from the power converter. For reduced envi- 
ronmental pollution, the motor, converter and controller should all be selected such that energy saving and 
high efficiency are obtained. Losses in the PWM power converter are mainly due to the devices’ switch- 
ing losses. In large-capacity applications, the switching losses might represent an important percentage 
of the total drive energy; therefore, the minimization of switching losses is a crucial task. 
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Figure 22.35 Example of motor poles versus operating frequency for small and large IMs 
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Many PWM techniques were developed to deal with the control of inverters, such as the sinusoidal 
pulse-width modulation (SPWM) and space vector pulse-width modulation (SVPWM) strategies. Vari- 
ous discontinuous pulse-width modulation (DPWM) strategies were developed to reduce the switching 
losses of the inverter [28-38]. DPWM techniques are based on the principle that power devices in each 
bridge leg do not switch during a predetermined time during a cycle of output voltage. Thus, the DPWM 
strategy reduces the switching losses in the inverter. 

MLIs based on the NPC topology are used extensively for high-power VFD applications, especially 
in LNG plants. NPC inverter output voltages can be clamped to the positive, negative, or NP) (point O 
in Figure 22.37) voltage. The NP voltage is assumed to be at zero level. In reality, NP voltage fluctuates, 
which could instigate PWM inverter instability even with balanced load [39]. Many PWM techniques to 
decrease the variations of NPC NP voltage have been proposed [40—48]. 

In most VFD applications, the three-phase Y-connected load is used where the neutral current path 
is not connected, which offers more choices in the inverter voltage selection. In fact, the load in such 
an application will only act in response to the input line-to-line voltages. A promising discontinuous 
PWM technique is based on the principle of applying non-sinusoidal phase voltages while keeping the 
line-to-line voltages input sinusoidal [46—49]. Figure 22.36 illustrates the conventional PWM and the 
DPWM input reference voltages. Note that the motor operating under the DPWM method, shown in 
Figure 22.36(b), is not affected by the phase voltages. The implementation of this DPWM method is 
shown in Figure 22.37 and can be easily plugged in for any NPC inverter in order to achieve three goals 
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Figure 22.36 PWM modulation techniques for multilevel NPC inverters: (a) conventional PWM method and (b) dis- 
continuous PWM method 
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Figure 22.37 Implementation of DPWM in [49] 
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Figure 22.38 DPWM method for multilevel NPC inverters presented in [49] 
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Figure 22.39 Experimental results for NPC inverter with and without DPWM technique, as proposed in [49] (upper: 
neutral point capacitor’s voltages; bottom: phase u current waveforms) 


simultaneously: (1) prevention of self-commutated semiconductor switching device minimum on-pulse, 
(2) reduction of switching losses and (3) reduction of NP fluctuation in NPC inverters. Figure 22.38 shows 
an example of the pattern used in the DPWM method for multilevel NPC inverters in order to avoid 
minimum on-pulse of the switching device, reduce the switching losses and decrease the NP voltage 
fluctuations, as shown in Figure 22.39 [49]. 


22.11 Conclusion 


The impacts of megawatt VFDs for LNG plants were discussed. LNG operators are looking for higher 
plant availability and improved plant operational flexibility, independent of the effect of ambient 
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temperature. Using electric VFDs to drive LNG plant compressors offers better performance than when 
using conventional GT drives. Unlike GTs, VFDs reduce maintenance costs and downtime, reduce 
plant air emissions and enhance safety. Following recent technological developments, in principle, a 
VFD-driven LNG plant is possible. Motor and VFD manufacturers are developing large electric drives 
with ratings of 100—120 MW using the recently developed technology of power electronics converters. 
This chapter presented a few examples of actual high-power VFDs that can realize up to 100 MW 
using four sets of 30 MW NPC-based multilevel VSIs. This NPC-cell-based VFD improves reliability 
because it uses large-capacity semiconductor devices. For megawatt drive systems, the losses represent 
a significant amount of power. Therefore, some PWM techniques to reduce the losses were presented in 
this chapter. Other techniques were included in the VFDs to make it sufficiently robust to ride-through 
voltage sags in power networks. 
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23.1 Introduction 


Recent advances in the field of energy conversion (e.g., distributed power generation systems, trac- 
tion and adjustable speed drives (ASD)) show a focus on voltage source converters (VSCs) [1-5]. 
VSCs are designed to meet the demands of high efficiency, robustness and low harmonics injection into 
power systems or low torque pulsation (corresponding to an increased motor lifetime due to decreased 
shaft vibrations). Expectations related to energy-saving and power quality solutions cause more fre- 
quent replacement of input diode rectifiers with active front end (AFE) because of the following main 
features [6]: 


Bidirectional power flow (allows regenerative breaking), 

Nearly sinusoidal input current with low harmonics distortion, 

High (including unity)-input power factor operation, 

Sufficient dynamics to follow load variation, 

Adjustment and stabilization of the DC-link voltage Upc (distorted 100 Hz oscillation), 
Operation under line voltage distortion (harmonics, sags, etc.). 


Nowadays, AFE in AC-DC-AC energy conversion systems has started to be the standard solution. 
One of the important applications of medium-power AC-DC-—AC fed ASD is high speed rail (HSR). 
Several different types of railway traction power systems (RTPSs) are used throughout the world [7, 8]; 
however, in modern HSR, there is a trend toward using medium-voltage AC single-phase RTPSs. There- 
fore, issues related to the energy conversion for ASD used in the HSR become extremely important. In 
such systems, the VSCs connected to the grid through a step-down transformer are widely used as the 
AC-DC AFE. 

Initially, as the AC-DC VSC in single-phase RTPS, an H-bridge converter (H-BC) fed from single 
low-voltage winding of the step-down transformer was used [8, 9]. The H-BC provides three levels of 
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converter output voltage uconv: 0 and +Upc. However, owing to the low converter-switching frequency 
for high power, the harmonics injected into the RTPS can be very high [9]. The current harmonics of the 
transformer high-voltage side generated by the VSC may have detrimental effects on the RTPS compo- 
nents and other loads, and is of great concern. Therefore, instead of a single H-BC, a parallel connected 
H-BC fed from two symmetrical low-voltage windings of the step-down transformer was introduced 
[10-14]. The main advantage of such a solution, due to the interleaved pulse-width modulation (PWM) 
between parallel connected H-BC modules, is the reduction in the current harmonics distortion of the 
transformer high-voltage side (five levels of converter output voltage on transformer high-voltage side is 
obtained: 0, +Upc and +2U,,,). 

Recently, other multilevel VSC topologies have become attractive to medium-power conversion [15, 
16]. The idea of multilevel converters is based on a series connection of semiconductor devices with more 
than one DC voltage source. VSC operation above typical semiconductor voltage limits, with reduced 
voltage stress, lower common mode voltages, reduced harmonics distortion and lower filter requirements 
are some of the well-known advantages that have made this topology popular in both research and the 
industry. In particular, two multilevel topologies are widely used in ASD industrial applications: the 
diode clamped converter (DCC) and the flying capacitor converter (FCC). H-DCC was introduced into 
single-phase RTPS by Hitachi [17] in 1995 (Japan), and has received further attention over the years 
[18-21]. Despite many publications, the H-FCC has not been commercially applied to single-phase 
RTPS. Other multilevel cascade and hybrid topologies, which can be compared with classically used 
parallel-connected H-BC, have also been proposed [15], but they are not fully accepted by industry in 
transportation systems. A comparison between the multilevel H-DCC, H-FCC and parallel-connected 
H-BC - if the same voltage and current rating semiconductor devices are used — can be summarized 
as follows: 


e the H-DCC and H-FCC input voltage and output DC-link voltage may be doubled, retaining the mag- 
nitude of input current constant, 

e the H-DCC and H-FCC are fed from a single low-voltage winding with the same input current, as for 
the parallel connected H-BC but with doubled input voltage, 

e the H-DCC uses additional semiconductor devices (clamping diodes), 

e the H-FCC uses additional DC voltage sources (flying capacitors (FCs), 

e amore complex PWM strategy is required for the H-DCC and H-FCC. 


The choice between these topologies: H-DCC, H-FCC and parallel-connected H-BC, as well as choice 
of value of input voltage uine (especially for the H-DCC and H-FCC), depends not only on the technical 
requirements of the power circuit, such as the DC-link voltage. Equally important — if not more — are 
the economic requirements: the VSC and transformer volume, size and weight, component prices (semi- 
conductor devices, especially) and so on. Therefore, it is not possible to clearly indicate the best VSC 
solution for HSR, and only a comparison for similar conditions can be made. 

This chapter — divided into two main parts — is devoted to the modulation and control of single-phase 
grid-side converters in RTPS applications. The first part presents the analysis and comparative stud- 
ies of PWM techniques with unipolar switching for the aforementioned converter topologies: the 
parallel-connected H-BC, the H-DCC and the H-FCC. Particular emphasis is placed on the impact of 
individual modulation techniques and topologies on the quality of the grid current and the harmonic 
content generated by the converter. The second part is devoted to the current control of single-phase 
VSC, where the basic structures of the dg synchronous reference frame are presented — proportional 
integral current control (PI-CC) and the abc natural reference frame, proportional resonant current 
control (PR-CC). Moreover, the production of current and DC-link voltage controllers with tuning 
methods for PI and PR regulators is discussed. At the end, the active power feed forward (APFF) 
algorithm required to improve the dynamics of the DC-link stabilization (reduction of overvoltage in 
transient states) is provided. 
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23.2 Modulation Techniques in Single-Phase Voltage Source Converters 


The current harmonics generated by the VSC — as a result of the PWM strategy applied to VSC — are 
particularly important for single-phase RTPSs. The current harmonics distortion depends on the number 
of output voltage pattern-forming states visible from the transformer high-voltage side. The number of 
output voltage pattern-forming states is defined as follows: when one active and one zero switching state 
is applied symmetrically to the VSC, the output waveform will have three voltage-forming states arranged 
as follows: zero—active—zero. Therefore, a higher number of switching states applied to the VSC gives a 
lower current harmonics distortion. An increased number of output voltage pattern-forming states results 
in a decreasing input current iine distortion. 

Each VSC topology is characterized by a different method of output voltage pattern generation, depen- 
dent on the modulation technique applied. Moreover, each modulation technique can provide different 
numbers of output voltage pattern-forming states. Therefore, the comparison between modulation tech- 
niques for different topologies for single-phase RTPSs should be performed under strictly defined con- 
ditions. In this section, the following PWM techniques in the single-phase VSC are presented: 


e hybrid pulse-width modulation (HPWM) and unipolar pulse-width modulation (UPWM) for 
parallel-connected H-BCs, 

e one-dimensional nearest two vectors (1D-N2V) and one-dimensional nearest three vectors (1D-N3V) 
modulations for H-DCCs, 

e 1D-N2V, 1D-N3V and one-dimensional nearest three with two redundant vectors (1D-N(3 + 2R)V) 
modulations for H-FCCs. 


Taking into account the large number of PWM strategies and their possible modifications, the presenta- 
tion will be based on the following assumptions: 


e for each topology switching period, T, is the same, 

e each semiconductor device can only be switched two times (in ON—OFF-—ON or OFF—ON-OFF 
sequences, where the switching is defined as an ON—OFF or OFF—ON state change) per period, 

e for each modulation type, the minimum number of switching states is used in order to fulfill the mod- 
ulation objectives. 


Next, the comparison will be carried out for all VSC topologies and PWM techniques mentioned earlier. 
In order to perform the comparative study under similar conditions, for the control system the following 
assumptions have been made: 


transistors are ideal switches (switching losses are omitted), 

time delay between calculation and realization of transistor duty cycle is neglected, 

there is no dead time between pairs of transistors, 

grid voltage is u, q is ideal sinusoidal, 

transformer low-voltage side short circuit impedance is calculated as 25% of nominal impedance (typ- 
ically between 20% and 30%), 

e the charge of the DC-link capacitors Cpe and the FC is constant, regardless of grid voltage Ugg aNd 
DC-link voltage Upc amplitude changes. 


23.2.1  Parallel-Connected H-Bridge Converter (H-BC) 


Figure 23.1 shows a single-phase parallel-connected H-BC with a common DC-link fed from the trans- 
former with two low-voltage windings [10-14]. Among the main advantages of this topology are: 


e low harmonics distortion of current i 
modulations, 


gria for transformer high-voltage side at the hybrid and the unipolar 
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e high reliability — in the case of one module failure, the H-BC still works with the same amplitude of 
Upc but at twice reduced power and with an increased THD factor of i,,;¢- 


Despite the obvious advantages introduced by parallel connection of the VSC, this is also a major disad- 
vantage because of: 


e the high cost, weight and size of a step-down transformer with two secondary windings, 
e the increased current and voltage rating of the semiconductor devices. 


Each module of the converter shown in Figure 23.1 has two legs, with insulated gate bipolar transistors 
(IGBTs) denoted $, and cm where S, is the negation of S, and x is the leg indication: a or b. The IGBT is 
switched ON when the gate signal is 1 and switched OFF when the gate signal is 0. All switching states 
for one module are shown in Table 23.1. 

To calculate the duration of the switching states, the modulation index M is indispensable, which is 
the proportion of the control algorithm reference uconv.ret With respect to the DC-link voltage Upc: 


u 
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Figure 23.1 Single-phase five-level parallel-connected H-bridge converter 


Table 23.1 Switching states for single H-BC module 


Switch number Levels of output t voltage ucony 
-Upc 0 Upc 
S, 0 0 1 1 


Ss 1 0 1 0 
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where Ucony ret 1S the reference amplitude of the converter output voltage Note that |ucony re¢| Cannot be 
greater than Upc; thus, M € (—1, 1). 

The decision as to which output voltage level is applied (positive or negative) depends on M 
(Equation 23.1): 


positive 0 + Upc + 0 for M e (0,1) 
negative 0 -Upc <0 for M e (-1,0) (23.2) 


The switching state time durations for every ucony level are assigned as follows: T, for ucony = 0 and 
T, for Ucony = Upc; and are calculated as: 


T, = MT. 

for M € (0, 1) i ; (23.3) 
T,=T,-T, 
T, = —MT, 

for M € (-1,0) : : (23.4) 
T,=T,-T, 


The IGBT state and its time duration depends on the PWM technique applied: the HPWM or UPWM. 
The HPWM [22-24] for the single H-BC module is based on the assumption that only two among 
four transistors are pulse-width modulated in each sampling period (Figure 23.2). This means that in 
each period, only one leg is modulated and — as a consequence — only one of two possible redundant 


Tyl2 | T,/2 | Ti | To/2 Tye |i Te | T2 V T2 


Sa 0 1 1 0 | 2 switching Sao 1 1 0 | 2 switching 


Sor 0 0 0 l 0 O switching Spa 0 0 0 | Oswitching 


0 
0 
Uconvt 0 Upc | Upc 0 | 2 switching Ucony2 | 0 Upc | Upc 0 | 2 switching 


A A 
3 voltage forming states per period 3 voltage forming states per period 
2 different switching states per period 2 different switching states per period 
(a) (b) 
' ir g i i i 
i Sampling period | 2 Sampling, ! Sampling period i 
í H-BC module 1 1 period : H-BC module 1 i 
n >< > a >, 
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Figure 23.2 Duty cycles for parallel-connected H-BC with hybrid modulation: (a) module 1, (b) module 2 and (c) 
parallel-connected H-BC ucony voltages with interleaved sampling periods !/,7, between modules 
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Figure 23.3 Duty cycles for parallel-connected H-BC with unipolar modulation: (a) module 1, (b) module 2 and 
(c) parallel-connected H-BC ucony voltages with interleaved sampling periods 1/47, between modules 


states for the ugony = 0 voltage level is used. Switching states are applied symmetrically with respect to 
the middle of the sampling period. Which leg is modulated depends on the sign of Ucony: 


leg a for Positive Ucony sigh (23.5) 
b for negative Ucony sign 


The HPWM applies two switching states in each sampling period for a single H-BC, which gives three 
output voltage ucony forming states for module 1 (Figure 23.2(a)) and module 2 (Figure 23.2(b)). For 
two parallel-connected H-BC modules, the interleaved modulation is applied, which means that for each 
the same switching pattern and duty cycles of the HPWM can be used, but the sampling periods are 
shifted '4T, between modules. Interleave modulation gives five levels on the transformer high-voltage 
side: 0, +Upc» +2Upc and five output voltage ucony forming states (Figure 23.2(c)). 

The other technique, UPWM [22, 24], for the single H-BC module is based on the assumption that 
all switches are modulated in every sampling period (Figure 23.3). As a result, two redundant states for 
zero voltage level ucçoyny = 0 are applied. Thus, the UPWM applies three switching states in each sam- 
pling period for the single H-BC, which gives five output voltage ucony forming states for module 1 
(Figure 23.3(a)) and module 2 (Figure 23.3(b)). For the parallel-connected H-BC, interleaved modula- 
tion is applied, which means the same switching pattern and duty cycles of the UPWM can be used, 
but the sampling periods are shifted '/,7, between modules Interleave modulation gives five levels 
on the transformer high-voltage side: 0, +Up., +2Upc; and nine output voltage ucony forming states 
(Figure 23.3(c)). 
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Figure 23.4 Single-phase five-level H-diode clamped converter 


23.2.2 H-Diode Clamped Converter (H-DCC) 


The DCC was proposed in 1981 by Nabae et al. [25]. Figure 23.4 presents the single-phase H-DCC 
[18—21], which has two legs, with IGBTs denoted S1, S,5, S,, and S,,, where S,, and S are the negation 
Of Sii ang Sys respectively and , is the leg indication: a or b. Two clamping diodes D, and D, are parallel 
connected to S, and OR for each leg, and the clamping point N is connected to the center of the series 
capacitors Cyc, and Cyc, in the DC-link. Clamping diodes conduct the current during the generation of 
the intermediate H-DCC voltage levels. 

Three different switching states generating three different output pole voltages can be distinguished 
for the single leg: 


e 0, when S and S are turned OFF (output pole voltage equals 0), 

e 1, when S, is turned OFF and S, is turned ON (output pole voltage equals !/,U,,, leg is clamped by 
Dı and D,, diodes), 

e 2, when S, and S, are turned ON (output pole voltage equals Upc). 


The single-phase H-DCC gives nine possible switching states, allowing five levels of output voltage to 
be obtained: three redundant for Ucony = 0, two redundant for whichever ucony = + 1/2 Upc and one for 
whichever Utcony = +Upc. The output voltage level depends on M (Equation 23.1): 


upper positive 1⁄Upc @ Upc © !Upc for M e (0.5, 1) 

lower positive 0< '4U,. <0 for M e (0,0.5) 

lower negative 0 © —!/2Upc © 0 for M e (—0.5, 0) 

upper negative — !2Upc © —Upc ®© —!/Upc for M e (-1,-0.5) (23.6) 


All possible switching states for the H-DCC are shown in Table 23.2. For every ucony level, the switching 
state duration times are assigned as follows: 


e T, for Ucony = O, 

=l 
e T, for ucony = £'2Upe> 
e T, for ucony = +U pe, 
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Table 23.2 Switching states for H-DCC 


Switch number Levels of output voltage ucony 
-Upe | ='hU dc 0 12Upc | Upc 
Si 0 {0 o joo 1/1 o| 1 
Sa o {1 o fo 1 ıajļı 1 1 
Sui 1 |1 0 [o 0 1/0 ofo 
Sy 1 1 1 © 1 1) 1 0 0 
and are calculated as: 
T, = 2(M - 0.5) T. 
for M e (0.5, 1) 252 T, (23.7) 
Ty) =T,-T, 
T, = 2MT, 
for M € (0, 0.5 ) ‘ (23.8) 
T= -T 
T, = —2MT, 
for M € (—0.5, 0) (23.9) 
T,=T,-T, 
T, = —2(M + 0.5) T, 
for M € (-1,-0.5) 2 ( T, (23.10) 
T, =T,-T, 


In order to provide the correct H-DCC operation, the voltage on each DC-link capacitor should be stabi- 
lized on !2Upc. Switching states used for the balancing of capacitor voltages Upc; and Upc, — depending 
on output voltage level and sign of line current — are shown in Table 23.3. For each sampling period, one 
(over the entire calculated time T,) or two (each at the appropriate parts of calculated time T,) redun- 
dant states affecting the DC-link capacitor voltages can be used. Switching state selection and duration 
time depend on the PWM technique applied, which are described subsequently: 1D-N2V or 1D-N3V 
modulations. 

The 1D-N2V modulation for the H-DCC is based on the assumption that only two switching states are 
applied in each sampling period [20, 26]. To reduce the number of switching, between output voltage 
transition from Ucoyy = 0 to ucony = +1/2Upc; only S,,S,5 (01) is selected from the three redundant 
Ucony = 0 (Table 23.2). Figure 23.5 presents the H-DCC positive output voltage-switching patterns for 


Table 23.3 H-DCC switching states used for DC-link capacitors voltage balancing 


Output voltage DC-link voltages Line current Switching state 
u level 

SANY Sar Sa Shi Sh2 
12Upc Une > Upe line > 0 0 1 0 0 
line < 0 1 1 0 1 
Une < Uncen line > O 1 1 0 1 
line < O 0 1 0 0 
—!pUpc Une > Upe line > O 0 1 1 1 
line < 0 0 0 0 1 
Une, < Upc line > O 0 0 0 1 
line < O 0 1 1 1 
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Figure 23.5 Duty cycles for H-DCC with 1D-N2V modulation generating ucgyy Output voltage level: (a) and 
(b) positive lower 0 + !⁄2Upc © 0, (c) and (d) positive upper !2Upc @ Upc @ !2Upc for 10 and 21 redundant 
switching state selections, respectively 


the 1D-N2V modulation. The 1D-N2V modulation allows obtaining the symmetrical duty cycle place- 
ment of three ucony voltage-forming states for all output voltage levels. 

Another modulation technique for H-DCC is the 1D-N3V. Figure 23.6 presents the positive output 
voltage-switching patterns for 1D-N3V modulation, which is based on the assumption that both redun- 
dant switching states, for whichever output voltage level ucony = +!/2Up¢ are applied in each sampling 
period [20, 26, 27]. The 1D-N3V modulation allows symmetrical duty cycle placement to be obtained for 
the seven (see Figure 23.6(a)) and five (see Figure 23.6(b)) output voltage ucony forming states for lower 
and upper output voltage levels, respectively. Redundant switching states are applied for the appropriate 
part of the calculated time T,, which corresponds to the voltage ratio between DC-link capacitors Chg 
and Cpcz- It means that if Upc, is larger than Upcz; Cyc, will be charged less than C,,,. The ratio of 
T, charging time division of Cyc; (Ti-pc1) and Chez (T\_pc) is inversely proportional to the ratio of the 
Upc, and Upc, voltages: 


U. U 
DCI y DC2 y 


Daip Poy Da 23.11 
Use 1 1-DC2 Üci 1 ( ) 


Ti-pcı 


where T, = Tipai + Ti-oc2- AS a result, during the sampling period, both DC-link capacitors over the 
calculated time T, will be charged or discharged. 
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Figure 23.6 Duty cycles for the H-DCC with 1D-N3V modulation generating ucgny output voltage level: (a) pos- 
itive lower 0 e !4Upc © 0 and (b) positive upper !2Upc @ Upc ®© !%2Upc. 


It should be noted that the self-balancing of the DC-link capacitors with a symmetrical distribution of 
T, even for balanced Upc; and Upc, voltages, is not possible in practice because of: 


e nonlinear IGBT gate signal propagation, 

e different IGBT ON/OFF times, 

e DC-link capacitor equivalent series and parallel resistances, 

e differences in electrical parameters, such as each leg’s semiconductor devices and connection points. 


Therefore, an additional controller (proportional or proportional-integral (PI)) should be used in order 
to determine the distribution of T, providing the equalization of the Upc; and Upc, voltages. 


23.2.3 H-Flying Capacitor Converter (H-FCC) 


Figure 23.7 presents the single-phase H-FCC [28-30], which has two legs, with IGBTs denoted S., 
Soa» Sı and S, where S and S are the negation of S,, and S, respectively and x is the leg indi- 
cation: a or b. The so-called FC Cyc, are parallel connected to S, and So for each leg. The FCs are 
used to generate the intermediate H-FCC voltage levels, which can be obtained — in contrast to the 
H-DCC - separately for each leg from the other leg-switching states. Balancing of the FC voltages uses 
two redundant switching states for each H-FCC leg and is independent of the switching states in the 
other leg. 

Four different switching states (including two redundant states for FC voltage balancing), generating 
three different output pole voltages can be distinguished for a single leg of the converter: 


e 0, when S and S are turned OFF (output pole voltage equals 0), 
e 1, when: 
— S, is tuned OFF and S, is turned ON, 
— S is tuned ON and S, is turned OFF, 
where both generate the same !⁄%Upc output pole voltage (depending on the selected state, ucony = 
Urge OF Ucony = Unc ~ Urcos)» 
e 2, when S and S, are turned ON (output pole voltage equals Upe). 
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Figure 23.7 Single-phase five-level H-flying capacitor converter 
Table 23.4 Switching states for H-FCC 
Switch number Levels of output voltage ucony 
-Upc -'2Upc 0 1⁄2Upc Upc 
Sat 0 0 0 0 1/0 0 1 1 0 1/0 1°21 1 1 
S2 0 0 0 1 0/0 1 O O 1 1j1 O 1 1 1 
Sur 1 Oo 1 1 1/0 0 0 1 1 1/0 0 0 1 0 
Sto 1 1 0 1 1/0 1 1 O O 1/0 O 1 O 0 


In the case of the single-phase H-FCC, it gives 16 possible switching state combinations. Thus, the 
H-FCC allows five levels of module ucoyny output voltage to be obtained (Table 23.4): six redundant 
for Ucoyy = 0, four redundant for whichever ucony = +!/Upc, and one for whichever ucoyy = £U pe. 
Which output voltage level is applied is dependent on M (Equations 23.1 and 23.6). For every ucony 
level, the switching state duration times are assigned as follows: 


e T, for ucony = 9, 

e T, for Ucony = £'!2Upc. which can be divided — with respect to the modulation technique used — into 
two times: T, and T, (where T, = T, + T,) assigned for leg a and b, respectively (in each sampling 
period only one or two FC capacitors can be used in order to fulfill the modulation objectives), 

e T, for Ucony = Upc: 


and are calculated in the same way as for the H-DCC (Equations 23.7—23.9, 23.10). 

As mentioned earlier, in order to provide proper H-FCC operation, the voltage on each FC capacitor 
should be stabilized on '4U,,. The balancing of single FC voltage Cz. or Cpe, is independent of the 
switching state in the other leg. Therefore, switching states — depending on the output voltage level and 
sign of the line current — used only for FC voltage balancing in leg a (leg b is similar) are shown in 
Table 23.5. 
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Table 23.5 H-FCC switching states used for Cp. capacitor voltage balancing 


Output voltage DC-link voltages Line current Switching state 
“conv level Sat Saz Shi Sy 
1hUpe Urca > '2Upc line > O 1 0 0 0 
line < 9 0 1 0 0 
Urca < (Upc line > O 0 1 0 0 
line < 0 1 0 0 0 
—! Upc Urca > 'Upc line > O 0 1 1 1 
line < 0 1 0 1 1 
Urca < '2Upc iiine > O 1 0 1 1 
line < 0 0 1 1 1 


For each sampling period: 


e one (over the entire calculated time T., when only one FC is used), 
e two (each at time 7, and Tp, when both FCs are used), 
e all four (each at the appropriate part of the calculated times T, and T,) 


redundant states affecting the FC capacitor voltages can be used. Switching state selection and dura- 
tion time depend on the applied PWM technique: 1D-N2V, 1D-N3V, or 1D-N(3+2R)V modulations, 
respectively. 

1D-N2V modulation is based on the assumption that only two switching states are applied in each sam- 
pling period, when only one leg is pulse-width modulated [20, 26]. Which leg is switched depends on the 
sign of Ucony; Similar to the parallel-connected H-BC (Equation 23.5). As a consequence, for a positive 
sign Of Ucoyy, Only one of two, whichever ucony = +!/2Upc, redundant states for each lower or upper 
voltage level is selected. The duration of redundant state T, in leg a is equal to T, with proper ucony = 0 
and ucony = +Upc output voltage switching states. Leg b is permanently in the 0 state. The selection of 
one of two possible redundant states for leg a depends on the conditions given in Table 23.5. If ucony has 
a negative sign, the opposite situation occurs — leg b is modulated and leg a is permanently in the 0 state. 
To reduce the number of switching between ucoyny = 0 and redundant ucony = + !/2Upc output voltage 
state, the SS (00) state is chosen from six redundant ucçony = 0 output voltage states (Tables 23.4 and 
23.6). The reduced switching states of the 1D-N2V modulation are presented in Table 23.6. Figure 23.8 
presents the positive output voltage-switching patterns for the H-FCC with the 1D-N2V modulation. It 
allows symmetrical duty cycle placement to be obtained for the three forming states of the output voltage 
Ucony for all levels, with two different switching states used in each sampling period. 

The next type, the 1D-N3V modulation, is based on the assumption that both legs, a and b, are work- 
ing in each sampling period to generate the output voltage level ucony = '2Upc [20, 26, 27]. However, 


Table 23.6 Switching states for H-FCC with 1D-N2V modulation 


Switch number Levels of output voltage ucony 

-Upc | ='2Upc | 9 | Upc | Voc 
Sat 0 0 0 0} 1 0 1 
Sao 0 0 0 0 | 0 1 1 
Spi 1 1 0 0; 0 0 0 
Spo 1 0 1 0; 0 0 0 
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Figure 23.8 Duty cycles for the H-FCC with 1D-N2V modulation generating ucgny Output voltage level: (a) posi- 
tive lower 0 + !%Upc © 0 and (b) positive upper !2Upc @ Upc © !2Upc 


for each leg only one of two, whichever ucony = + !/⁄2Upc, redundant states for the lower or upper volt- 
age level is selected over the calculated time T, = T, equal to '!/,7,. Switching state selection for leg 
b depends — similar to 1D-N2V modulation — on the conditions given in Table 23.5. Such a selection 
results in four possible combinations of switching states generating output voltage ucony = + !/⁄2Upc- 
To reduce the number of switching between output voltage ucony = 0 and ucony = + !/2Upc; for each 
aforementioned combination, only two (from six redundant ucoyny = 0 output voltage states) are chosen: 


e one permanently: SS,» (00) or SS. (11) (for positive and negative voltage levels, respectively), 
e one depending on the selected combination: (0101) for (0100) and (1101), (0110) for (0100) and 
(1110), (1001) for (1000) and (1101) and finally (0110) for (1000) and (1110). 


All lower 0 e !2Upc © 0 and upper !/2Upc © Upc © !2Upc positive output voltage level switching 
state combinations are shown in Figures 23.9 and 23.10, respectively. 
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Figure 23.9 Duty cycles for the H-FCC with 1D-N3V modulation generating ucoyny lower positive output voltage level 0 e !%Upc ®© 0 with different 
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Figure 23.10 Duty cycles for the H-FCC with 1D-N3V modulation generating ucony positive upper output voltage 
level 12Upc @ Upc © !2Upc with different redundant switching states 


The symmetrical duty cycle placement of the four different switching states used for the lower output 
voltage level gives seven forming states of output voltage ucony (Figure 23.9), but the upper positive 
voltage level redundant states are placed nonsymmetrically with respect to the middle of the sampling 
period; however, the output pulses of ucoyny are generated symmetrically (Figure 23.10). Three different 
switching states used for the generation of the upper ucony levels (combination of redundant intermediate 
with the proper S_,S,, (20) or S,,S,,(02) state) gives five forming states of the ucoyy voltage. 

It is possible to increase the H-FCC output pulse frequency over the frequency generated by the 
1D-N3V modulation, which is not possible for the H-DCC. This can be achieved by the method pro- 
posed in Ref. [31] the 1D-N(8+ 2R)V modulation. The 1D-N(3+2R)V modulation is based on the 
assumption that in every sampling period all four redundant ucony = + !/⁄2Upc output voltage switching 
states are used (Figure 23.11). As a result, both FCs are charged and discharged in each period, where 
the redundant switching state charging and discharging of the FCs are applied for the appropriate part of 
the calculated time T, = T, (for FC, and FC,, respectively) equal to '/,7,. It means, for example, that if 
Unc, is bigger than !%Upc; Cec, Will be more charged than discharged. The ratio of T, and T, between 
charging (T,,, Tp+) and discharging (T,_, T,_) state time division is a proportional function of Upc 
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Figure 23.11 Duty cycles for the H-FCC with 1D-N(3 + 2R)V modulation generating ucoyy output voltage level: 
(a) positive lower 0 © !2Upc 0 and (b) positive upper 12Upc © Upc © !2Upc 


and FC voltages Upc, and Upcp: 


= Une — Urca Ti _ Urca Tı = Une — Urcos Ty _ Urey Tı 
Ty, = 7. T’ Ty, = T’ = FT B- = 7 (23.12) 
Upc Upc Upc Upc 
where !/47, = Ta, +T,- = Tp, + Tp- Such an approach to the nonsymmetrical switching of each 


IGBTs allows oo same output voltage waveform to be obtained as for the parallel-connected H-BC 
with UPWM - nine forming states of output voltage ugony for all output voltage levels with: 


e eight different switching states used per period for the lower ucoyny output voltage, 
e five different switching states used per period for the upper ucoyy output voltage. 


The self-balancing of the FC voltages (assuming 7,, = T,_ and T,, = T,_) is not possible in practice, 
for reasons similar to the 1D-N3V modulation for H-DCC (in addition to the FC’s equivalent series and 
parallel resistances). 
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Table 23.7 Number of output voltage ucoyy forming states/switching per period 


PC-H-BC H-DCC H-FCC 
HPWM | UPWM | ID-N2V | 1D-N3V | 1D-N2V | 1D-N3V | 1D-N(3+2R)V 
Lower levels of output voltage Ucony: 9 +!2Upc © 0 


5/4 9/8 3/2 7/6 3/2 7/16 9/8 
Upper levels of output voltage Ucony: +! Upc © Upc © !2Upc 
5/4 9/8 3/2 5/4 3/2 5/4 9/8 


23.2.4 Comparison 


The reference for the comparison study of the single-phase VSC topologies and PWM techniques pre- 
sented is the single-phase parallel-connected H-BC with unipolar modulation used in RTPSs. Such a 
converter, owing to interleaved modulation, provides an increased number of output voltage ucoyny form- 
ing states and very low current harmonics distortion on the transformer high-voltage side. 

Table 23.7 presents the number of output voltage ucoyny forming states visible from the transformer 
high-voltage side and the number of total switching states used in the sampling period to generate 
the ucoxy voltage waveform. The comparison of PWM techniques shows the clear advantage of the 
parallel-connected H-BC with the UPWM and the H-FCC with the 1D-N(3+2R)V modulation with 
respect to the highest number of forming states. 

Figures 23.13—23.15 present the steady-state operation of the 1 MW parallel-connected H-BC, H-DCC 
and H-FCC with the UPWM, 1D-N3V and the 1D-N(3+ 2R)V modulations, respectively. The simpli- 
fied simulation model for the aforementioned cases is shown in Figure 23.12, with the main electrical 
parameters of the power circuits and control data given in Table 23.8. For all cases, the converter voltage 
harmonics distortion THD(ucoyy) factor is similar. However, with respect to 1 kHz sampling frequency 
bands related to the output pulse’s frequency: 


e quadrupled for the parallel-connected H-BC (Figure 23.13(e-f)), 

e doubled for the lower (Figure 23.14(e)) and tripled for the upper (Figure 23.14(f)) output voltage levels 
for the H-DCC, 

e quadrupled for the H-FCC (Figure 23.15(e-f)), 


shifting in the direction of higher harmonics can be observed: 


e 4kHz for the parallel-connected H-BC (Figure 23.13(g)), 
e 2kHz and 3 kHz for the H-DCC (Figure 23.14(g)), 
e 4kHz for the H-FCC (Figure 23.15(g)). 


Thus, a similar voltage distortion THD(ucony) factor for higher frequencies provides a lower harmonics 
distortion of the grid current. 

Table 23.9 presents a comparison of the grid current distortion THD(i,,;«) for all topologies and mod- 
ulation techniques presented, with different load values. It can be observed that the parallel-connected 
H-BC with the UPWM, as well as the H-FCC with 1D-N(3+2R)V PWM modulation — thanks to the 
increased number of output voltage ucony forming states — provides the lowest grid current distortion 
THD(i,,;q)- However, if the H-FCC with 1D-N(3 + 2R)V modulation and parallel-connected H-BC with 
UPWM: 


e provide similar harmonics injection into the power system, 
e uses all switches in the sampling period to generate output voltage, 
e uses the same voltage and current class semiconductors (which guarantees similar switching losses), 
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Figure 23.12 Simplified model of 1 MW single-phase converters: (a) parallel-connected H-BC, (b) H-DCC and 
(c) H-FCC 


the advantages of the H-FCC solution are: 


e areduced number of transformer low-voltage side windings, 
e areduced transformer volume, size and weight, 
e component price reductions due to the decreased voltage class semiconductors. 


On the other hand, the parallel-connected H-BC has a high reliability in the case of one module 
failure — the VSC works with the same amplitude of Upc but with twice reduced power and with an 
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Table 23.8 Parameters of 1 MW single-phase converters: PC-H-BC, H-DCC and H-FCC 


Simulation parameter Symbol Value 

Topology PC-H-BC H-DCC H-FCC 

Transformer power/primary side Si 1MVA 

Grid voltage/primary side Morid RMS 25 kV/50 Hz 

Grid current/primary side ‘ais 40A 

Transformer power/secondary sides Sio—1 = Sn2-2> Spo 500 kVA 1 MVA 

Line voltage/secondary sides Wine RMS = “tine2,RMS? "line, RMS 950 V/50 Hz 1900 V/50 Hz 

Line current/secondary sides Ùine1 RMS = 4ine2,RMS> “ine,RMS 526A 1052A 

Primary leakage inductance Ly 24 mH 

Primary winding resistance R, 3Q 

Magnetizing inductance Ly 24H 

Core loss resistance Ree 60 kQ 

Secondary leakage inductance Ly, = L2 La 1.44 mH 0.72 mH 

Secondary winding resistance R1 = R2, Ra 15 mQ 

Sampling frequency Te 1 kHz 

Capacitance of DC-link capacitors Coc1 = Coca» Cpe 23.4 mF 46.8 mF 23.4mF 
DC-link voltage Upc 1800 V 

Capacitance of flying capacitors Ceca = Crcp 11.7mF 


Table 23.9 Comparison of grid current distortion THD(i mid) 


PC-H-BC H-DCC H-FCC 
HPWM | UPWM | 1D-N2V | 1D-N3V | 1D-N2V | 1D-N3V | 1D-N(3 +2R)V 


1 MW output power, 100% load, Ry paq = 3-25 Q 
3.11% 2.03% 6.93% 3.61% 6.47% 3.46% 2.11% 
0.33 MW output power, 33% load, Ry gag = 9-75 Q 


au 


8.39% 5.30% 21.13% | 9.78% 17.66% | 9.56% 6.46% 


increased THD factor of i,q; For the H-FCC in the case of one leg failure (as well as for the H-DCC), 
there is the possibility of switching off the broken leg and connecting the phase from the broken leg to 
the midpoint of the connection of the DC-link capacitors. The advantage of such a solution is that full 
power is delivered to the load, but of course at the cost of an increased THD factor of the i,,,,; However, 
it is necessary to modify the PWM strategy, which is not required with the parallel-connected H-BC. 


23.3 Control of AC-DC Single-Phase Voltage Source Converters 


Figure 23.16 presents the single-phase equivalent circuit of the VSC. According to Figure 23.16, the 
VSC can be described as: 


Wine = Uconv + Ui (23.13) 


where the voltage drop in inductor u; is defined as: 


diine ` 
u=L + Rijine (23.14) 
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Figure 23.17 Simplified current control structure of single-phase VSC 


and L and R denote, respectively, the inductance and resistance of the inductor. The converter output 
voltage Ucony is controllable and depends on the applied switching states’ S table (e.g., Tables 23.1, 23.2 
and 23.4), constructed by the individual switching states and DC-link voltage level (Figure 23.17): 


Ucony = UpcS (23.15) 


Owing to changes in the u;oyy Magnitude and phase, the voltage drop on the inductor u; can be controlled 
directly and thus the line current iine can be controlled indirectly. Figure 23.17 presents a simplified 
current control structure for the single-phase VSC, which consists of inner current control loop and the 
outer voltage control loop. Synchronization with grid voltage for high (including unity) input power 
factor operation is provided by a phase-locked loop (PLL) algorithm. 

Figure 23.18 presents the general phasor diagrams of the VSC for the rectifier and inverter modes of 
operation, with and without unity power factor conditions, according to Equation (23.13). The goal of 
the outer voltage control loop is to regulate the DC-link voltage Upc to follow reference value Upc ret 
while the inner current control loop is designed to keep line current iine sinusoidal and in phase with line 


voltage tine- This means that the current control should provide VSC unity power factor for rectification 
and inverting modes of operation. 


23.3.1 Single-Phase Control Algorithm Classification 


The current control should ensure a constant switching frequency with a specified switching pattern 
from a filter design point of view. This requirement can only be satisfied with PWM-based current con- 
trol, allowing the implementation of modern PWM techniques [32]. Unless high dynamic requirements 
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Figure 23.18 Phasor diagrams of the VSC for: (a), (c) rectification mode, (b), (d) invertering mode, (a), (b) nonunity 
power factor, (c), (d) unity power factor 


are given, a linear controller is the most suitable for PWM-based current control. Linear controllers are 
designed on an average model of the converter based on PWM, which is responsible for the transforma- 
tion of continuous switching functions into discrete switching pattern functions. Two such systems, PI- 
and proportional-resonant (PR) based current control (PI-CC and PR-CC, respectively) schemes, have 
gained superior position [33—36]. 

PI-based current control is mainly used in dg synchronous reference frame rotating with the grid volt- 
age, in which control variables become DC values. The PI controller — composed of proportional gain 
and an integrator — tracking DC reference is able to eliminate steady-state error. However, in abc natu- 
ral reference frame, the PI controller exhibits two well-known drawbacks: the inability to track the AC 
reference without steady-state error and poor disturbance rejection capability. 

The tracking of periodical signals and rejection of periodical disturbances problem in the abc natu- 
ral reference frame can be solved by using PR-based current control. A PR controller — composed of 
proportional gain and a resonant integrator — achieves a very high gain around the resonance frequency 
and almost no gain outside this frequency. Therefore, the PR controller is capable of not only eliminat- 
ing steady-state amplitude but also phase error. The implementation of a PR controller in abc natural 
reference frame is straightforward, and in comparison to PI-based control the complexity of the control 
algorithm is considerably reduced. 

As far as PR-CC can be used directly, for PI-CC a transformation from a natural to synchronous ref- 
erence frame is needed. In three-phase systems, coordinate transformation is straightforward. However, 
in single-phase, it is necessary to create a second quantity in-quadrature with the real one. There are 
a few mathematical methods available to achieve a set of in-quadrature signals based on the measured 
single-phase grid voltage [37, 38]: 


e 7/, transport delay technique, where T is the fundamental grid frequency period, 
e Hilbert transform, 
e inverse Park transform. 


These methods, while allowing for correct quadrature signal generation (QSG), are complex, nonlinear 
and significantly dependent on fundamental grid frequency changes. Algorithms that are able to eliminate 
these drawbacks are based on adaptive filtering, allowing in-quadrature generation based both on the 
phase and frequency synchronization: the second-order adaptive filter and the second-order generalized 
integrator (SOGI), of which SOGI is most suitable [39]. 
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Synchronization with grid voltage for high (including unity) input power factor operation for both CC 
methods is also needed. The typical hardware solution with grid voltage zero crossing detection (discon- 
tinuous and dependent on the occurrence of the event) is based on line voltage measurement. Filtering of 
the measured signal in order to determine the zero crossing generates errors, because of the low speed of 
synchronization and possible distortions arising from the zero crossing detection under distorted voltage. 
Solutions based on mathematical algorithms — PLLs — allow for fast and accurate synchronization while 
eliminating the influence of interferences. PLL needs in-quadrature signals, which can be obtained for a 
single-phase system with SOGI. The SOGI-PLL detects the input phase-angle faster than conventional 
PLL without steady-state oscillations [39]. 

As mentioned, unlike PR-CC, a PI-CC transformation from natural to synchronous reference frame 
is needed. As for both solutions PLL is necessary, the SOGI does not increase the complexity of the 
control algorithm. However, coordinate transformation from abc to dq and then inverse transformation 
is necessary for PI-CC, which makes it more complicated. 

Another important issue for current control is the ability to compensate grid harmonics in order to 
improve power quality. Power quality — beyond the control of amplitude and phase — is one of the respon- 
sibilities of current controllers. In dq, synchronous coordinates harmonics compensation is based on 
low-pass and high-pass filtering with PI regulators. For specific harmonic coordinates, frame rotating 
with harmonic frequency should be implemented. Filtered signals are controlled by two PI regulators in 
dq coordinates and again transformed to rotating coordinates with fundamental frequency. The obtained 
signals are added to signals referenced for the PWM modulator. In abc natural reference frame harmon- 
ics, compensation is based on a resonant controller. For specific harmonics, there is no need for additional 
coordinate transformation and filtering. For single harmonics, an additional resonant controller is paral- 
lel connected to a fundamental frequency PR controller. Thus, in dq coordinates, two PI controllers are 
needed, whereas in abc only one resonant part is used. 

In this section, the basic structures of the dq synchronous reference frame current control, PI-CC, and 
the abc natural reference frame current control, PR-CC, are presented. Moreover, the development of cur- 
rent and DC-link voltage controllers with tuning methods for PI, PR, and PMR is discussed. Ultimately, 
the APFF algorithm used to improve the dynamics of the DC-link stabilization is presented. 


23.3.2 DQ Synchronous Reference Frame Current Control — PI-CC 


A characteristic feature for dq synchronous reference frame current control is coordinate transformation 
from stationary to synchronous rotating «f /dq and opposite from dq/af, which is very natural for a 
three-phase system: 


CSi) Sun) re (23.16) 
B siny ine ) cos(7,,...) kg l 
k Z COS (Yain) —sin(7,. ) ta (23.17) 
kp 7 sin(a i cos(7,,,,.) , 
where an angle of the voltage vector Vaia is defined as 
Waa: 
SINC une) = = 
uy line + iit 
Uy i 
cos(y,,_.) = < (23.18) 
wi +u? 


aline pline 
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Figure 23.19 Coordinate transformation of line current vector i,,,, and line voltage vector tiine from stationary af 


to synchronous rotating dq reference frame coordinates 
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Figure 23.20 Methods to obtain a virtual dg synchronous rotating coordinate system in single-phase converter: (a) 
based on !/4 delay of a-axis and (b) based on two notch filters tuned at twice the line frequency 


The line current vector iine 
voltage-oriented dq coordinates (Figure 23.19). The component i PA determinates the reactive 
power, whereas i,,,,,, determines the active power flow. Thus, the reactive and the active power can be 
controlled independently. Unity power factor operation can be achieved when the line current vector iine 
is aligned with the line voltage vector tine- E 

The situation is slightly more complicated in the case of a single-phase system, because the coordi- 
nates are virtual and need special algorithms to obtain the af or dq system. Among the most attractive 
solutions is a method based on delaying the a-axis by !/4 of a line voltage period to obtain the f-axis 
(Figure 23.20(a)) or the use of notch filters with a narrow stop-band (e.g., second-order Butterworth) 
tuned at twice the line frequency [40, 41] (Figure 23.20(b)). 

The voltage equations (Equation 23.13) in the dq synchronous reference frame in accordance with the 
presented transformation (Equations 23.16 and 23.17) are as follows: 


is split into two rectangular components iine =[igjines ‘gine! i 


= Ri L ld,line Li 
Ug jine = laine + a + Uag cony T Lg tine 
_p: di, tine 4 
Uline = Ri jine + ars + Uj conv + OLig tine (23.19) 


The block diagram of the control for the single-phase converter in the dq synchronous reference frame 


is shown in Figure 23.21. Measured i4 tine and i, tine Currents are compared with reference values i 


d,line,ref 
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and i, sine re¢ ANd the error is delivered to the PI controllers. Then, the decoupling terms wLi gline A OL line 


are applied according to Equation (23.19). Finally, based on Equation (23.17), converter reference volt- 
ages in the stationary coordinate system are calculated, where u, conv rer iS used by the modulator and 


Ug CONV ret 18 discarded: 


UcONV ret = Ua CONV ref = Md,CONV«et COS(@t) — Ug. conv ret SIN(@t) 


(23.20) 


The control presented in Figure 23.21 can be significantly simplified, as shown in Figure 23.22 [42]. 
Thanks to the simple assumption that for a virtual -axis error of current control Ai, jine is equal to zero, 
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the following equations: 


Aigiine = lasineset ~ Uajine = 


Lig tine,ref cos(at) + ip line,ref sin(œt)] = [isine cos(œt) + ip Jine sin(œf)] = 
(ig tine.ref = ig line) COS(@F) + Cig 1ine,ref > igtine) sin(@r) (23.21) 
Ai sine = io Jine,ref = igsine = 


[Sina sin(wt) = Up Jine,ref cos(ar)] g [ta tine sin(wt) = İs line cos(œt)] = 


(iy tineret T Taline) SIND) + (ip tineret — 4p tine) COS(@t) (23.22) 

can be simplified to form: 
Alaine = (lg lineref ~ latine) COS(@F) (23.23) 
Ai tine = —Gajineret — ba,tine) Sin(@F) (23.24) 


Thanks to this, only a simple PLL is needed to obtain the synchronous rotating coordinate system instead 
of using coordinate transformations from stationary to synchronous rotating «f /dq (Equation 23.17), 
notch filters or storing samples to get a quarter cycle delay. 


23.3.3 ABC Natural Reference Frame Current Control — PR-CC 


Figure 23.23 presents the block scheme of the PR controller-based current control algorithm, which con- 
sists of two cascaded loops. The commanded DC-link voltage Upc ,.¢ is compared with the measured 
Upc value. The voltage Upc is distorted by 100 Hz AC oscillations derived from the single-phase cur- 
rent iine With 50 Hz fundamental frequency. Because the Upc,.; has a constant DC value, the 100 Hz 
distortion will be visible in the DC-link voltage error signal oUp.. The oUpc signal is delivered to 
the PI controller, which generates the reference line current amplitude iine mret: AS the PI regulator is 
not able to eliminate phase error, in order to prevent transmission of 100 Hz distortion on the current 
dinemset? & low-pass filter with 30 Hz cutoff frequency is applied on the measured Up, voltage. The 
delay introduced by the filter causes a reduction in the voltage loop dynamics, and as a consequence 
the DC-link voltage transient error should be higher. In fact, for a low switching frequency, the step 
change response of the DC-link PI controller with and without a low-pass filter is similar. The reason 
is the limited bandwidth of the voltage loop, which is more restrictive than the bandwidth reduction 
introduced by the filter. However, for higher sampling frequencies, the dynamics of the voltage loop 
will be reduced. It should also be noted that for a low sampling frequency the time of the step response 
will be longer than in the case of a high sampling frequency. To improve the dynamics of the DC-link 
stabilization, the power feed-forward signal (containing information about the load changes) should 
be added to the output signal of the DC-link voltage controller (see Section 23.3.4). APFF provides 
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Figure 23.23 Block scheme of PR controller-based current control algorithm 
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very good stabilization of the DC-link voltage in transient states, and the DC-link voltage overshoot is 
significantly reduced. 

The internal current loop is responsible for system power quality by controlling the grid current. In 
PR-CC, unity power factor operation can be achieved if the reference line current iine rep IS given as: 


Liine,ref = Hine myef cos(@’) (23.25) 


The cosinus function is used because of the SOGI-PLL phase-angle ©’ generation — ©’ = 0 when the thine 
amplitude has the maximum positive value. The reference value of iine ref is compared with the measured 
line current iine and the error is delivered to the PR controller. The PR structure shown in Figure 23.24(a) 
is composed of proportional gain and a resonant integrator [33, 36]. 

The core of the resonant integrator is the generalized integrator, which achieves a very high gain around 
the resonant frequency and almost no gain outside this frequency. The transfer function of an ideal PR 


controller is given by: 
2KppiS 
Gog(s) = Korp + =—™ 


(23.26) 
+a? 


where Kopp, is the proportional gain and Kj,; is the gain of the resonant integrator. The transfer function of 
the PR controller contains a double imaginary pole adjusted to the fundamental ujipe frequency œ. Thus, 
the PR controller is able to track the input phase angle for œ without any steady-state error. Note that 
the tine voltage feed-forward is not needed. To avoid stability problems with infinite gain, the following 
transfer function can be used instead of Equation (23.26): 


2Kpp,O,8 


— 23.27 
s+ 20, + ( ) 


Gpp(s) = Kpr + 


where cutoff frequency œw, < œ. For Equation (23.27), the gain is finite (but still high enough to track 
the input phase-angle ©’ with small steady-state error) and bandwidth can be set by @,. 
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Figure 23.24 Block diagram of: (a) proportional resonant (PR) controller and (b) proportional multiresonant (PMR) 
controller 
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The current controller has to be immune for most prominent harmonics in the current spec- 
trum — typically, the third, fifth, and seventh and sometimes the ninth harmonics. In a single-phase 
system, it means that for each harmonic a separate compensator is needed. For the abc natural reference 
frame, three compensation loops are also needed, where each resonant controller works with the gain of 
the fundamental PR controller. Still, the individual design of compensator resonant parts should be con- 
sidered; however, it is possible to use the resonant gain of the fundamental PR controller. As the propor- 
tional controller only compensates frequencies very close to the selected harmonics frequencies, the reso- 
nant compensator does not affect the dynamics of the fundamental PR controller. Such a structure is called 
a proportional multiresonant (PMR) controller [43—45]. Figure 23.24(b) shows an example of a PMR 
controller block diagram for the third, fifth, seventh and ninth harmonics compensation, where compen- 
sators are parallel connected to the fundamental PR controller. The transfer function of PMR is given by: 

Grrl) = Kprp + a a 


+o? E s? + (hœ)? 


(23.28) 


where h is the harmonic order. The harmonics compensator can use the same Kpg; gain as the fundamental 
PR controller for all loops. 

The PR controller generates the amplitude of the converter output voltage Ucony rer» Which is delivered 
to the pulse-width modulator. 


23.3.4 Controller Design 
23.3.4.1 Design of PI-Based Current Control Loop 


Figure 23.25 presents a block diagram of a PI-CC loop. The one sampling T, delay introduced by the 
control algorithm as well as the statistical 7s/, delay of the PWM generation should also be taken into 
account. Thus, the time delays in the S&H block of VSC are represented as t, — the sum of small time 
constants: 

T = Ts + Towy = LST; (23.29) 


Also, the VSC gain Ky. and dead time D, should be included. In further considerations, the VSC will 
be assumed as an ideal amplifier with Ky. = 1, with time constant Tọ} = 0. 
With the assumption that disturbance tine = const the open-loop transfer function can be written as: 
Kop + 8T py) Ke 


e = 23.30 
Plo Tall + st) + Tp) ( ) 


where Tpi, = L/R is the line choke time constant and Kpr, = 1/R is the choke gain. With simplification 
(1+ sTp,) S STp; the closed-loop transfer function can be written as [46]: 


Kop + 8T py) Kap 


Cp, = > n or n anr (23.31) 
i Kop Ke Cl + 8T 4) + 9° Tp Tay + S Tpi Tet 


Mine 
PI S&H, VSC Input choke 
å = š 
Uine,ref Kprp(sTpri F 1) Ucony,ref Kysce m Ucony - Key Nine 
| > + >| 
ST py 1+sT, 1+sTRL 


Figure 23.25 Block diagram of proportional integral current control loop 
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The design procedures for the PI current controllers have been presented in Refs. [47, 48]. For good 
disturbance rejection performance in transient states, both use the symmetry optimum (SO) [49] design 
criterion. Therefore, for Equation (23.31), with the assumption that the disturbance tiine = const, the PI 
controller proportional gain Kp and time constant Tp; can be calculated as: 


Tay 
Ke. = (23.32) 
7 27, Kay 
Tp = 41, (23.33) 


23.3.4.2 Design of PR-Based Current Control Loop 


Figure 23.26 presents a block diagram of a PR-CC loop. The one sampling T, delay introduced by the 
control algorithm as well as the statistical 7s/, delay of the PWM generation should also be taken into 
account. Thus, the time delays in the S&H block of VSC are represented as t, — the sum of small time 
constants: 

T = T; + Towy = 1.5Ts (23.34) 


Also, the VSC gain K\., and dead time D, should be included. In further considerations, the VSC will 
be assumed as an ideal amplifier with Kysc = 1 with time constant t} = 0. 
With the assumption that disturbance tine = const the open-loop transfer function can be written as: 


Kopp Ker 2Koprp Ker 


Se ee (23.35) 
(l+sr)(1+sTp) (+o + sT) + sTpy) 


Gipro = 
As shown in Ref. [39], the proportional gain of the PR controller Kprp — Which determines the dynamics 
of the system in terms of bandwidth, phase and gain margins — can be tuned in the same way as the 
PI current controller [47, 48]. According to the SO [49] design criterion, with the assumption that the 
disturbance tine = const, the PR controller proportional gain can be calculated as: 


TRL 
Korp = AA (23.36) 
To tune the resonant gain of the PR controller Kpgi, a graphical frequency response approach can be 
used. The objective is to guarantee a sufficient phase margin for the system, and to avoid high resonances 
in the closed loop [50-52]. Figure 23.27 presents an example of a closed-loop frequency response for 
the designed PMR current control with 3rd, 5th, 7th and 9th harmonic compensation. For the PMR 
controller, the same gain values can be used as for the PR-based current control with the gain of the 
harmonics compensator Kpp,, = Kpri- 


Uline 


PR S&H, VSC Input choke 
; STi . 
Hine.ref 2K pris Ucony,ref Kysce xU Ucony - Kerr Nine 
Kprp + | + >| 
+07 I+sT, I+sTpy, 


Figure 23.26 Block diagram of proportional resonant current control loop 
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Figure 23.27 Frequency response of current control loop with PMR-based current control and third, fifth, seventh 
and ninth harmonic compensation 


23.3.4.3 Design of DC-Link Voltage Control Loop 


Figure 23.28 presents a block diagram of the DC-link voltage control loop with an internal current con- 
troller. The inner current control loop with SO design criterion [49] is represented as a first-order transfer 
function with an equivalent time constant: 


Tysc = 44, (23.37) 
Uine,rms 
\2Up¢ DC-link 
PI VSC capacitor 
Upc ret 1+sTpcj Ùine,m,ref 1 is 1 Une 
+>} Kpcp mel > > 
STpci 1+sTysc sCpc 
U] 
DER Upc 100Hz filter 
1 
— je 
1+sTypcr 


Figure 23.28 Block diagram of DC-link voltage control loop with internal current controller 
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UDC ret L-+sT yg l 1 Ue 
> Kop — 5 H — os 
sToci 1+s(Tysc + Tupce) SCpc 


Figure 23.29 Simplified block diagram of DC-link voltage control loop with internal current controller 


To prevent 100 Hz distortion transmission on the tino mrep reference current, a low-pass filter with a 
cutoff frequency fypc is required on the Upc voltage sensor. The time constant of the filter is expressed as: 


1 
Pie (23.38) 


2xfuvc 
The relation between the amplitude of the referenced current iine mret and DC-link current is described as 
S Taking this and the assumption that the current relation is included in the proportional gain Kpcp» 
Figure 23.29 shows the modified block diagram of the DC-link voltage control loop. 
The open-loop voltage control loop transfer function can be written as: 
Koop + sTy¢;) 


Go = (23.39) 
sToaiCl + s(Tysce + Tuper))8Cpe 


On the basis of the SO design criterion, the proportional gain Kpcp and the integral time constant Tpc; of 
the DC-link voltage control loop can be calculated as follows: 


Coc Wine,RMS 
Koos om n n (23.40) 
PE ATyse + Tepes) V2Upc 
Toci = 4(Zysc + Tuner) (23.41) 


As the DC-link referenced voltage Upc et is assumed to be constant, no additional pre-filter on Upc jer iS 
needed. 


23.3.5 Active Power Feed-Forward Algorithm 


To prevent the transmission of 100 Hz distortion on the line current iine, a low-pass filter with a specified 
(typically 30 Hz) cutoff frequency is applied on the measured Upc voltage. The delay introduced by the 
filter causes a reduction in the DC-link voltage loop dynamics. As a consequence, the DC-link voltage 
transient error is higher and the AC-DC-—AC system’s dynamic behavior has to be reduced. There are 
two methods to improve the dynamics of the DC-link stabilization: 


e Adding a load feed-forward to the output signal of the DC-link voltage controller from the DC-link 
load current — in such a case, an additional DC-link current sensor is needed, and the AC-DC converter 
operates independently of the control of the drive. 

e Adding a power feed-forward to the output signal of the DC-link voltage controller from the sup- 
plied active load (the DC-AC converter fed motor) — in such a case, the AC-DC converter operates 
depending on the control of the drive, but no additional sensor is needed. 


Thus, for the control of the AC-DC—AC converter, the APFF (based on the control signals) seems to 
be attractive. 
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According to Refs. [31, 48], two variants of the APFF based on the power consumed/produced by the 
DC-AC converter can be listed: 


e Active power of the AC-DC converter is calculated from the mechanical speed, commanded torque, 
and DC-AC converter losses, PF. 

e Active power of the AC-DC converter is calculated from the switching states reference converter 
voltages and actual stator currents, PF yy- 


Typically, in HSR, an induction motor (IM) is used. The electromagnetic power of the IM is defined by: 
P,=mQ,, (23.42) 


where Q,, is the mechanical speed of the drive. Taking into account the electromagnetic torque m, 
equation: 
Mg 
m, = Paz Yslsy (23.43) 


where p, is the number of IM pole pairs, m, is the number of IM phases, ¥, is the IM stator flux and Z, 
is the y component of the IM stator current, the electromagnetic power of the IM can be expressed as: 


m, 
P. = PoP sls On (23.44) 
The power delivered to the IM also includes the power losses, and the PF, should be written as: 


PF, =P, +P (23.45) 


losses losses 


m, 
= Py 5 PsteyOm +P 
For nominal torque at mechanical speed Q „ = 0, the electromagnetic power P, = 0. However, Posses Will 
have a significant value. Thus, P osses cannot be neglected. The estimation of the P osses is difficult, because 
it requires an exact knowledge of the parameters of the IM. Hence, PFyy, calculated from the reference 
converter voltages U, e and U, ec (reconstructed from the switching states) and actual stator currents, 


provides a simple estimation of the active power consumed/produced by the DC-AC converter: 


x,rec y,rec 


PF yy = 5 (lg, + 15,0, rec) (23.46) 


The U, rec and Uie voltages, reconstructed from switching states, contain additional information about 
the dead time and switching devices voltage drop compensation. Therefore, the PF yy includes the power 
losses P osses* 

If we assume that the losses of the AC-DC converter are neglected, the energy storage variation of 
the DC-link capacitor will be the integral of the difference between the average AC-DC input power P.,, 


and the power delivered to the IM PF, [31, 48]. Therefore, it can be written as: 
Pa = P. + PFor (23.47) 
where P, denotes the power of the DC-link voltage feedback control loop: 
P, = ipcUpc (23.48) 
According to the block diagram of the DC-link control loop (Figure 23.29), P, can be written as: 


B- Koc (l + sT yc) 


c 


(Uperet ~ Uncr)Unc (23.49) 
ST yj 
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The DC-link voltage controller generates the reference line current amplitude iine,m.ref: If we assume that 
the AC-DC converter works with the unity power factor (phase shift ø between line current iine and line 
voltage tine is equal to 0) the instantaneous AC-DC input power can be calculated as: 


Pint) = trinesm"tinem Si’ (t) (23.50) 
According to Equation (23.50), the average AC-DC input power can be calculated as: 


= line,m Winem 


P= 23.51 
in 2 ( ) 
Therefore, the reference line current amplitude iine, ref Should be: 
5 2P in 
Line,m,ref 7 (23.52) 
= Wine 


If we assume that the power PF; is delivered to the IM without any DC-link variation (which is 
the desired situation), then P, can be assumed to equal 0. In such a situation, Equation (23.46) can be 
written as: 

Pi, = PE (23:53) 


Thus, combining Equation (23.52) with Equation (23.53), the reference line current amplitude from the 


APFFP ip tine mret 18 Obtained: 
E 2P; 
(23.54) 


Wine 


Hine,m,ref = 


Figure 23.30 shows the block diagram of the AC-DC-AC converter feeding IM, where P oad,ret and 
P oag are the reference and output powers of the DC-AC converter, respectively. Figure 23.31 presents 
the transient operation of the low-voltage AC-DC-—AC converter: AC-DC five-level single-phase FCC 
and DC-AC three-level three-phase FCC without and with APFF in closed speed control mode under 


DC-AC VSC 
Meret | o Proad,ref 1 Pioad 
re ” itsT 
Si VSC 
i‘. PFor 
4 
2 
u ine,m 
1h; 
mj DC-Link 
PI 2Upc IPF, line,m,ref | AC-DC VSC capacitor 
İline,m,ref + 1 i 1 U, 
x a > DC be 
1+sTysc SCoc 
Upc 100 Hz Filter 
1 
= 
1+sTypcr 


Figure 23.30 Block diagram of the AC-DC-—AC converter feeding IM with active power feed-forward — dotted 
line denotes the influence of the APFF 
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Figure 23.31 Transient operation of the AC-DC-AC FCC without and with APFF: step change in mechanical speed 
Qm: From the top: (a) DC-link voltage Upc (Ch1), rectifier leg a flying capacitor voltage Upc, (Ch4), line voltage 
Ujine (Ch2) and line current iine (Ch3), (b) IM phase a stator current ig, (Ch1), inverter phase a flying capacitor voltage 
Upc, (Ch4) mechanical speed of IM Q,, (Ch3) and IM electromagnetic torque m, (Ch4) 


a step change of mechanical speed Q,, from —85% to 85% of the nominal speed. The AC-DC-—AC 
converter control with the active APFF provides: 


e very good stabilization to the DC-link voltage in transient states — the DC-link voltage overshoot is 
significantly reduced, 
e no negative impact on the system’s performance in steady states. 


Thus, the APFF, by a reduction in the DC-link overvoltage in transients, can efficiently extend the lifetime 
of the DC-link capacitors. 
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23.4 Summary 


This chapter has reviewed the modulation and control of single-phase grid-side VSD. 
The following PWM techniques for single-phase VSC have been presented: 


e hybrid (HPWM) and unipolar (UPWM) modulations for parallel-connected H-BCs, 
e 1D-N2V and 1D-N3V modulations for H-DCCs, 
e 1D-N2V, 1D-N3V and 1D-N(3 + 2R)V modulations for H-FCCs. 


Particular emphasis was placed on the impact of the individual modulation techniques and topologies 
on the quality of the grid current and the harmonic content generated by the converter. The comparison 
of PWM techniques has shown a clear advantage of parallel-connected H-BC with UPWM and H-FCC 
with 1D-N(3 + 2R)V modulation for the sake of the highest number of forming states. 

Various control techniques for PWM DC/AC converters have been discussed. Among the methods 
presented, the control of the stationary coordinate system and RC controllers seem to be superior, and is 
therefore implemented by the industry. Other control methods have high algorithm complexity. 

It is believed that thanks to continuing developments in power semiconductor components and digital 
signal processing, voltage source PWM DC/AC converters will have a strong impact on power conver- 
sion, particularly in traction as well as renewable and distributed energy systems. 
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24.1 Multilevel Inverters 


One of the most suitable power architectures for a photovoltaic (PV) system is the multilevel inverter. 
Although there are many conventional two-level inverters available in this area, the multilevel inverter 
provides the following advantages: (1) reduced device voltage stress; (2) negligible total harmonics in 
the voltage waveforms; (3) smaller output filter size; (4) greater efficiency [1—4]; and (5) an implemen- 
tation of the so-called distributed maximum power point tracking (DMPPT) [5-7]. The fifth advantage 
extends the MPPT to each panel of a PV system by avoiding series-connected PV arrays, which are 
often used with the conventional two-level inverter. This minimizes power loss even when mismatching 
conditions occur. Among the following three main families of multilevel converter: diode-clamped, 
capacitor-clamped, and cascaded H-bridge, the latter is usually considered in the literature for PV 
applications [8, 9]. 


24.1.1 Transformer-Less Technology 


To interface the low-voltage (LV) output of an inverter to the grid, a bulky low-frequency transformer 
is necessary, which involves large size, less efficiency, loud acoustic noise, and high cost [10]. Another 
choice, instead of a transformer, is to use many PV panels in a string to generate a voltage higher than 
that of the grid, which will cause power loss of the PV panels in case of mismatching. 

Transformer-less topologies are especially deserving of attention because of their higher efficiency, 
smaller size and weight, and lower price for the PV system [10]. 

Transformer-less technology is preferable [10] for attaining utility-scale power ratings and medium 
voltage levels. The cascaded multilevel inverter (CMJ) structure is qualified for this purpose and, fur- 
thermore, its distributed modules enhance system reliability. At present, three CMI structures for PV 
power systems have been published [11-15]. 

The so-called power electronic transformer (PET) configurations [11] use a cascaded H-bridge mul- 
tilevel DC/AC converter on the LV side with a separate DC-link for each section of the PV plant. The 
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configurations allow different voltages on the DC-links; thus, implementation of separate MPPT control 
algorithms can be carried out for the different PV sections. The high-voltage windings of the employed 
medium-frequency transformer are interfaced to the medium-voltage grid by means of a multilevel con- 
verter comprising a three-phase inverter. The number of voltage levels is selected according to the rated 
grid voltage and to the characteristics of the switching devices used. However, there are disadvantages: 
(a) one or three medium frequency transformers cause cost—volume issues, even though isolated from 
the grid; (b) too many switches cause high cost and loss, are too complex and have low reliability, even 
though the filter will be small owing to the multilevel voltage, which limits its practical applications to 
high-power PV systems. 


24.1.2 Traditional CMI or Hybrid CMI 


Traditional CMI or hybrid CMI (Figure 24.1) can connect directly to the grid without a transformer and 
achieve high efficiency [12—14]. It is an attractive topology because of its modularity, simple layout, 
fewer components and higher reliability, compared with other multilevel inverters, such as the neutral 
point clamp inverter and the flying capacitor multilevel inverter. The necessity for isolated DC sources 
makes this topology an ideal inverter choice for use in PV applications. A 240-kW traditional CMI-based 
PV inverter is reported in Ref. [12] with efficiency of 98.6% without a transformer. The voltages of hybrid 
CMI’s DC buses are in a geometric sequence, which present several advantages: (a) different kinds of 
power switches can be used in the H-bridges with different DC bus voltages, switches with small capacity 
can be used in the H-bridge with lower DC bus voltage, and the on-state loss can be lowered; (b) the 
cost and complexity of the system is reduced because fewer switches and DC buses are required in the 
topology; (c) the switching frequency can be reduced significantly. However, this kind of CMI does not 
have the boost function, which will lead to overrating of the inverter by a factor of two in order to cope 
with wide (1:2) PV voltage changes. For example, a 2 MW inverter is needed for a 1 MW PV power 
system, which makes the inverter larger, more costly and more difficult for utility-scale applications. 


24.1.3 Single-Stage Inverter Topology 


There are several power converter topologies employed in PV systems, characterized as two-stage or 
single-stage, transformer or transformer-less and with a two-level or multilevel inverter [1, 11-14]. 
Single-stage inverters are becoming more attractive compared with two-stage models owing to their 
compactness, low cost and their reliability [15]. However, the conventional inverter has to be oversized 
to cope with the wide PV array voltage changes, because a PV panel presents low output voltage with a 
wide range of variation based on irradiation and temperature, usually with a ratio of 1 : 2. 

The two-stage inverter applies a boost DC-DC converter, instead of a transformer, to minimize the 
required KVA rating of the inverter and to boost the wide range of voltage to a constant desired value. 
Unfortunately, the switch in the DC-DC converter becomes the killer of the cost and efficiency of the 
system. For safety reasons, some PV systems have a galvanic isolation, either in the DC-DC boost 
converter using a high-frequency transformer, or in the AC output side of a line frequency transformer. 
Both of these added galvanic isolations increase the cost and size of the entire system and decrease the 
overall efficiency. 


24.2 Quasi-Z-Source Inverter 
24.2.1 Principle of the qZSI 


The Z-source inverter (ZSI), as a single-stage power converter with step-up/down function, allows a 
wide range of PV voltages, and has been reported in applications of PV systems [16]. It can handle the 
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Figure 24.1 (a) Traditional CMI and (b) hybrid CMI 


PV DC voltage variation in a wide range without overrating the inverter and implement voltage boost 
and inversion simultaneously in a single power conversion stage, thus minimizing system cost, reducing 
component count and cost and improving reliability. Recently proposed quasi-Z-source inverters (qZSI) 
have some new attractive advantages more suitable for application in PV systems. This will make the 
PV system much simpler and cheaper because the qZSI draws a constant current from the PV panel, 
which means that there is no need for extra filtering capacitors. In addition, it features lower component 
(capacitor) rating and reduces switching ripples to the PV panels [16-23]. 

The output voltage of the PV panel has a wide variation related to changes of temperature and solar 
irradiation, which usually presents in a ratio of 1:2. It is impossible for the traditional voltage source 
inverter (VSI) to deal with this wide variation if there is neither overrating of the inverter nor the use 
of a DC-DC boost converter. For a common single-stage inverter, as shown in Figure 24.2(a) [24, 25], 
which is used in conventional PV systems to interface the PV array with the utility and/or load, the 
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Figure 24.2 Traditional typical configuration of PV system: (a) single-stage VSI and (b) two-stage VSI 
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Figure 24.3 Topology of the voltage-fed ZSI and qZSI: (a) voltage-fed ZSI and (b) voltage-fed qZSI 


minimum PV DC voltage should be two times the peak value of the AC phase voltage, or 2v,,. Therefore, 
considering a PV voltage change range of 1 : 2, the PV array has to produce 2v}, to 4v}, to feed the inverter. 
Consequently, the inverter should be designed to block four times the peak value of the AC phase voltage, 
or 4y,,. For example, the VSI needs a minimum 340 V DC to produce 208 V AC phase-to-phase voltage 
for a three-phase system, and the PV voltage has to be 340-680 V considering it changes in a 1 : 2 range. 
Consequently, 1200 V insulated gate bipolar transistors (IGBTs) are required and the inverter is thereby 
two times overrated. To overcome this problem, the DC-DC boost circuit is employed, as shown in 
Figure 1.2(b) [26-31] and 600 V IGBTs can be used for the system. However, the cost will increase and 
the efficiency will be reduced. 

Compared with the configuration of the VSI plus DC-DC boost, the ZSI-based PV system minimizes 
switching devices, has lower cost and higher reliability [19, 32]. Recently, our group published a class 
of qZSIs with some new advantages [16, 33], which was from the original ZSI [19]. By using this new 
quasi-Z source topology, the inverter of a PV system becomes much simpler and its cost can be reduced. 
This is because the proposed qZSI draws a constant current from the PV panel; thus, there is no need 
for extra filtering capacitors, and it features lower component (capacitor) rating and reduces switching 
ripples to the PV panel [17]. 

Figure 24.3(a and b) shows the traditional voltage-fed ZSI and the recently proposed voltage-fed qZSI, 
respectively. In the same manner as the conventional ZSI, the qZSI has two general types of operational 
states at the DC side: the non-shoot-through state (i.e., the six active states and two conventional zero 
states), and the shoot-through state (i.e., both switches in at least one phase conduct simultaneously). 
In the non-shoot-through state, the inverter bridge, viewed from the DC side, is equivalent to a current 
source, whereas in the shoot-through state, the inverter bridge is a short circuit. The equivalent circuits of 
the two states are shown in Figure 24.4(a and b), respectively. It is well known that the shoot-through state 
is strictly forbidden in the traditional VSI, because it will cause a short circuit of the voltage source and 
damage the devices. In the qZSI and ZSI, however, the unique LC and diode network, connected to the 
inverter bridge, modify the operation of the circuit, allowing the shoot-through states. Furthermore, by 
using the shoot-through state, the (quasi-) Z-source network boosts the DC-link voltage. This feature will 
effectively protect the circuit from damage; thus, it improves system reliability significantly. Because of 
the input inductor L,, the qZSI draws a continuous constant DC current from the DC source. Compared 
with the ZSI that draws a discontinuous current, the constant current will reduce significantly the input 
stress; thus, the qZSI is especially well suited for PV system applications [17]. 

Assuming that during one switching cycle T, the interval of the shoot-through state is T}, then the 
interval of non-shoot-through state is T}; thus, T= T +T, and the shoot-through duty ratio D = T,/T. 
From Figure 24.4(a), during the interval of the non-shoot-through state T,, there are 

vt, =Vin- Ve 


YM, = -Vo Yen = Ve, = Vu = Va + Vey» Vaod =0 (24.1) 


1 2 


From Figure 24.4(b), during the interval of the shoot-through state T}, one can get 


V1, = Ve Vm Vo =Ve, and vpy=0, Viod =—(Ve, + Voy) (24.2) 
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Figure 24.4 Equivalent circuit of the qZSI: (a) non-shoot-through state and (b) shoot-through state 


At steady state, the average voltage of the inductors over one switching cycle is zero. From Equations 
(24.1), (24.2), we have 


Ty (Vo, + Vin) + T1 in — Ve) 


{i 


Ve — a | =0 
os T (24.3) 
= Ty(Ve,) +T, (= Vo) 
V, =y = = 
2 2 F 
Thus, ip p 
V. = ——V., V. s= y 24.4 
Cı 1-2pD ™ C2 1-2D ™ ( ) 
From Equations (24.2) and (24.4), the peak DC-link voltage across the inverter bridge is 
T 1 
Yen = V, Vo = = Vn = — Va = BV; 24.5 
Vpn Ci + Ca T-T in 1-2D ™ in ( ) 


where B is the boost factor of the qZSI. 
The average currents of the inductors L, and L, can be calculated by the system power rating P 


fy Sg hae A (24.6) 


According to Kirchhoff’s current law and 24.6, we also can get that 
To, =le = tpn l: Ip = 21, — ben (24.7) 
In summary, the voltage and current stress of the qZSI are shown in Table 24.1, where 


e M is the modulation index; v, is the AC peak phase voltage; 
e (2)m = (1 —- D)/(1 —- 2D), n=D/(1-2D); B = 1/(1 — 2D) 


The stress on the ZSI is shown as well for comparison. 

From Table 24.1 we can establish that the qZSI inherits all the advantages of the ZSI. It can buck or 
boost a voltage, cope with a wide range of input voltages and produce a desired voltage for the load or 
connection to the grid in a single stage. This feature results in the reduced number of switches involved 
in the PV system and, therefore, the reduced cost and the improved system efficiency. When the voltage 
of the PV panel is low, it boosts the DC-link voltage, which helps avoid redundant PV panels for higher 
DC voltage or unessential inverter overrating. As mentioned, it is able to handle the shoot-through state; 
therefore, it is more reliable than conventional VSI. For the same reason, there is no need to add any dead 
time into the control schemes, which reduces the output distortion. 

In addition, there are some unique merits of the qZSI when compared with conventional ZSI [16, 17]. 
The ZSI has a discontinuous input current in the boost mode, whereas the input current of the qZSI is 
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Table 24.1 Voltage and average current of the qZSI and ZSI network 


Vig VE VPN Vdiode Vo, Vo Ym a= =F, la =e, lp 

To T To Ti To T 
ZSI mV nV, 0 BV, BV, 0 mV, mV, MBV„/2 P/Vin In- 2, -ly 
qZSI mV -Va 0 BV, BVa O mV,, nV,, MBV,,/2  P/Va  lẹ-l, 2i -ly 


continuous owing to the input inductor L, and this reduces the input stress significantly; thus, it can 
reduce the capacitance for the output of the PV panels. The two capacitors in the ZSI sustain the same 
high voltage, whereas the voltage on capacitor C, in the qZSI is lower, which allows a lower capacitor 
voltage rating. For the qZSI, there is a common DC rail between the source and inverter, which is easier 
to assemble and causes less EMI problems. 


24.2.2 Control Methods of the qZSI 
24.2.2.1 Buck/Boost Conversion Mode 


If the inverter operates entirely in the non-shoot-through state, as shown in Figure 24.4(a), the diode 
will conduct and the voltage on capacitor C, will be equal to the input voltage, whereas the voltage on 
capacitor C, will be zero. Therefore, vp, = V;n and the qZSI acts as a conventional VSI: 
Vpn Ya 

Vin = ae = a (24.8) 
For sinewave pulse width modulation (SPWM), 0 < M < 1 and for space vector modulation (SVM), 
0<M<(2/ V3). Thus, when D =0, v,, is always less than V,,/ V3 and this is called the buck conversion 
mode of the qZSI. 

When the qZSI operates in boost conversion mode, there are two more modulation references: Vš and 
Vx, in addition to the conventional three-phase references: vž, vý and v:. As shown in Figure 24.5, by 
replacing parts or all of the two conventional zero states with shoot-through states, the non-shoot-through 
states and shoot-through states will alternate in one switching cycle. Then, the peak DC-link voltage vp, 
can be boosted by a factor of B; its value is dependent on the shoot-through duty ratio, as defined in 
Equation (24.5). Notice that the six active states are unchanged and the peak AC voltage becomes 


va = ZM = BM (24.9) 


24.2.2.2 Boost Control Methods 


All the boost control methods that have been explored for the traditional ZSI, such as simple boost, 
maximum boost, maximum constant boost, as shown in Figure 24.6 [19, 20, 34], can be applied to 
the qZSI. It is noticeable that the voltage gain of the qZSI is G= MB, whereas the voltage stress across 
the inverter bridge is BV,,,. In order to maximize the voltage gain and to minimize the voltage stress on the 
inverter bridge, one needs to decrease the boost factor B and increase the modulation index M as much 
as possible. 

Figure 24.7 shows the voltage gain versus the modulation index of three boost control methods. All 
present significantly higher gain than traditional VSI. Among the three boost control methods, the max- 
imum boost control best exploits the conventional zero states; therefore, it has the maximum M and 
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Figure 24.6 Three boost control methods with different V$ and VÝ 
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Figure 24.7 Voltage gain versus modulation index 
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the minimum voltage stress across the inverter bridge with the same voltage gain. However, it has the 
drawback of low-frequency ripples on the passive components of the qZSI, which requires a larger vol- 
ume and weight and greater cost of the inductor and capacitor in the qZSI network. The simple boost 
control has shoot-through states that are spread evenly; thus, it does not involve low-frequency ripples 
associated with output frequency, but its voltage stress is the largest for a given voltage gain. The maxi- 
mum constant boost control is a compromise between the other two. 

When the third-harmonic injection is combined into the maximum constant boost control, the maxi- 
mum modulation index can be M = 2/ V3. , and there is lower voltage stress on the inverter bridge. With 
this method, the shoot-through states are introduced into the switching cycle when the carrier is either 
greater than Vý or less than Vý, which is spread evenly in each switching cycle. Thus, the qZSI network 
does not involve low-frequency ripples and the shoot-through duty ratio is 


N V3M 
D= = 1-— 24.10 
T 5 ( ) 
the boost factor is i i 
B = — = —— (24.11) 
1-2" Vau—1 
and the voltage gain is equal to 
Gae= 2. (24.12) 
3M -1 
The peak AC phase voltage can be calculated by 
in MV, 
Vin = > G (24.13) 


2 -aym -2 


24.2.3 qZSI with Battery for PV Systems 


Power generated by the solar panel depends on the solar power incident on the panel, the panel tem- 
perature and the operating panel voltage. The first two factors are unpredictable because of the weather 
and seasons. The resultant power of stochastic fluctuations will have a negative effect on the grid. To 
date, there have been no significant net failures driven by these stochastic fluctuations. Nevertheless, 
the growing number of solar power plants is forcing us to invent and implement new solutions for this 
problem. Apart from investments in the extension of the grid and power capacity, as well as selective 
shutdown of PV systems, the integration of electricity storage systems is a more innovative idea, because 
the balancing difference between the forecast and real values could minimize this negative effect [35]. 
In addition, power consumption also presents some characteristics of season and human living habits. 
In spring and autumn, there are relatively more fine days with a lot of solar irradiation compared with the 
other seasons. These seasons also have good weather; thus, electric loads such as air conditioners may be 
used less often. Consequently, increased generation from PV systems and reduced loads cause a voltage 
rise on a power distribution line. Over weekends, during which the PV systems continue to produce the 
same amount of power and industrial loads are light, the grid voltage and frequency could easily become 
high [36]. Overvoltage may exceed the upper tolerance limit at the point of common coupling; usually, 
a grid overvoltage protection will regulate the output power of the PV system if the AC voltage exceeds 
the control range. As a result, a significant amount of possible energy will be lost in a clear day. An 
energy storage unit installed in each PV system can be used for voltage rise avoidance, through charging 
the excess electric power to the energy storage unit instead of feeding it to the grid. The energy storage 
unit is similar to an energy buffer, which could be charged using the differential power between the 
PV power and the output power to the grid, and could maximize the level of power transfer from the 
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Figure 24.8 Traditional scheme 


PV array through the MPPT, resulting in very high efficiency [4]. In addition, PV-grid-connected plants 
could become more reliable by acquiring the possibility to cope with some important auxiliary services 
[35]. There is typically a configuration available for this application, shown in Figure 24.8, when the 
conventional VSI is connected to the grid and/or load, and where a bidirectional DC-DC converter is 
used to control the battery state of charge (SOC). It is obvious that the DC-DC converter increases both 
the cost and the system complexity, and reduces reliability and efficiency. 

The qZSI has two independent control freedoms: shoot-through duty ratio and modulation index, pro- 
viding the ability to produce any desired output AC voltage to the grid. It can regulate the battery SOC 
and control the PV panel output power (or voltage) simultaneously. Second, the qZSI provides the same 
features of a DC-DC boosted inverter (i.e., buck/boost), yet its single stage is less complex and more 
cost effective. Third, the qZSI has the benefit of enhanced reliability because momentary shoot-through 
can no longer destroy the inverter (i.e., both devices of a phase leg can be on for a significant period of 
time). Furthermore, our proposal includes energy storage (battery) in the qZSI for PV systems without 
the additional DC-DC converter, as shown in Figure 24.9. This innovative feature can reduce cost and 
system complexity further and is explained in detail in the next section. 

In the system of Figure 24.9, there are three power sources/consumers: the PV panels, battery and the 
grid/load. As long as we can control the power flow of two of them, the third element automatically 
matches the power difference. From Equation (24.4) of qZSI, the relationship between the capacitor-C, 
voltage and the voltage of the PV panel is 

Vo = San (24.14) 
where D is the shoot-through duty ratio. 

In Figure 24.9, the battery voltage V,, equals voltage Vo, of capacitor C,. The output voltage of a 
battery is relatively less current dependent because of the much smaller internal resistance. The voltage 
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Figure 24.9 Configuration of the qZSI with battery pack for PV system 
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of a battery changes with the SOC of the battery and will be relatively constant at a certain SOC, and the 
voltage of the PV panel is highly current dependent; therefore, for a given battery voltage V,,, the voltage 


of the PV panel is controlled to be 
1-2D 


D 


Vpy = V, (24.15) 
At the same time, the output power of qZSI can be controlled by manipulating the modulation index to 
produce the desired output voltage. The output peak phase voltage of the inverter is 


M 
Vin = (Vo, + VW) (>) (24.16) 
where M is the modulation index based on the reference waveform and the triangular waveform. 

The output power to the grid can be expressed as 


Po = nl (24.17) 


where / is the rms current to the grid and pf is the power factor. 

Therefore, the system is able to control the output power of the PV panels and the power injected to 
the grid at the same time; thus, their difference is the power charging the battery. 

In summary, the power of the PV panels is controlled by the shoot-through duty ratio of the qZSI; the 
output power to the grid is controlled by the output voltage and the current related to the modulation 
signal. If output power to the grid is higher than the power of the PV panels, the battery is discharged. If 
the output power to the grid is lower than the power of the PV panels, the battery is charged. If the SOC 
of the battery becomes too low, the PV panels will provide power to recharge the battery. However, the 
battery can only be charged when it is not fully charged already. 

Let us explain this principle using examples. Case 1: for a fixed level of solar irradiance and for a 
fixed temperature, if the PV panel maintains a maximum output power, the power and voltage of the 
PV panels will be constant. When power to the grid equals the power of the PV panels, as one would 
expect, the battery SOC should remain constant with zero average power to the battery. When power to 
the grid increases to be greater than the power of the PV panels, the battery should supply the additional 
power requested by the grid; thus, the battery SOC will decrease. When injected grid power falls below 
the power of the PV panels, the additional power of the PV panel will charge the battery, increasing the 
SOC. (2) Case 2: Power to the grid is kept constant and the power of the PV panels changes because of 
the variation in solar irradiance. Again, the battery SOC should remain constant while power to the grid 
matches that of the PV panels. The battery will be charged when the power of the PV panels increases 
to be greater than the power supplied to the grid, increasing the battery SOC. When the power of the PV 
panels falls below the power to the grid, the battery will supply the additional power requested by the 
grid, decreasing the battery SOC. 


24.3 qZSI-Based Cascade Multilevel PV System 
24.3.1 Working Principle 


In grid-connected systems, the panels are usually arranged in strings (series connection) for the required 
power and voltage levels, where all panels of the string drive the same current. Generally, it is preferable 
to use the same panels and to keep them away from any shading. However, in residential installa- 
tions, it is not easy to avoid shading because of the change in sunlight direction throughout the day. 
Furthermore, obstacles, such as trees, birds and other constructions, can cause partial shading. Some 
studies have revealed that minor shading can cause a major reduction in solar power output of a PV 
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Figure 24.10 Characteristics of a small string consisting of two panels under different solar irradiance levels with 
the same temperature [5]: (a) current versus voltage of each panel and (b) effects of different solar irradiance levels 
on a string of PV arrays 


array [37]. When a panel is shaded, it generates less optical current, and when connected in series with 
other panels there is a downgrading of system energy yield, because the low level of current also flows 
through the non-shaded panels instead of the intrinsic high current [38]. This requires the use of bypass 
diodes to preserve the PV array voltage and to minimize hot-spot heating and the potential for panel 
failures when shaded [5, 8, 37]. Figure 24.10(a) shows the I-V characteristics of two panels under dif- 
ferent irradiance levels, and Figure 24.10(b) shows the P-V and I-V characteristics of a PV string 
consisting of two panels with a bypass diode incorporated. The shaded panel becomes short-circuited 
and the current in the string is that of the non-shaded module, because the bypass diode in parallel 
with the shaded panel goes into the on state. In this way, the string-generated power and voltage are 
greater than that in the case of an array with no bypass diodes. Nevertheless, the string power ver- 
sus voltage becomes a multimodal curve, as indicated in Figure 24.10(b). Its detail is explained in the 
following [5]. 

When operating at point A of Figure 24.10(b), both PV panels generate power, but neither one gener- 
ates maximum power. When operating at point B, the shaded module PV, generates maximum power, but 
the non-shaded module does not generate maximum power. When operating at point C, the non-shaded 
module generates power, but the shaded module does not generate any power, because the string cur- 
rent flows through its bypass diode. When operating at point D, the non-shaded module generates its 
maximum power, but the shaded module does not generate any power because the string current flows 
through its bypass diode. Finally, in the case of both mismatching conditions and the presence of the 
module bypass diodes, the P—V characteristic curve is a multimodal curve with a number of peaks. The 
presence of more than one peak in the P-V characteristic of a PV string makes it difficult to imple- 
ment the absolute maximum power of the PV string. Furthermore, for this case, the maximum output 
power of the PV string is less than the sum of the maximum generation power of all PV panels. In 
addition, the reduction of the string voltage at the MPP may not be acceptable according to the system 
specifications [8]. 

Reference [37] reported that the shaded panel contributes a 14.06% power loss, and an additional 
11.57% loss results from the reduced MPP when the two panels are connected in series. When three 
or more panels are series-connected, the situation is even worse. The shading condition could be more 
complicated in practical PV applications, such as more than one shaded panel, making it more difficult 
to perform MPPT. It is of practical relevance to investigate the possibility of finding a technical and 
cost-effective solution to such a problem. 
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If independent control of each panel is possible, to allow different currents and voltages for all panels, 
the total generated power and voltage will be improved significantly. DMPPT is the best method for 
this purpose, and it comprises two major schemes. One is to use PV AC-module inverters avoiding 
the series-connection of panels. When a panel gets shaded, only that inverter will yield lower power, 
whereas the others continue to perform at their optimum level with their own inverters [38]. However, 
the conventional two-level inverter outputs LV because of its step-down-only operation and the low 
input voltage of each panel. It is necessary to step up the voltage suitably for grid connection, by 
using a low-frequency transformer between the inverter output and the grid, or by a DC-DC boost 
converter between the PV panel and the inverter input. Both of these configurations will be more costly 
because of the increased number of devices, and because power losses increase because of adding 
the DC-DC converter or transformer. Another scheme employs a multilevel inverter to replace its 
two-level counterpart. In this case, each PV panel is used as a separate power supply for each module 
of the multilevel inverter [2—4, 8, 39], and the generation point of each PV module can be controlled 
independently and maximized, that is, the so-called DMPPT, particularly with partial shade covering 
the PV facility or in the case of the mismatched PV panels. In addition to being able to maximize the 
power obtained from the PV panels, the multilevel inverter usually presents the advantages of reducing 
the device voltage stress, being more efficient, generating output AC-voltage with negligible total 
harmonics and allowing one to operate without transformers to step up the voltage. Among multilevel 
inverters, the cascade H-bridge inverter is most popular. It uses relatively few power devices and 
each H-bridge works at very low switching frequency. This offers the possibility of working in high 
power with low-speed switches and generating low-switching frequency losses, which allows working 
with a power range similar to the common central inverter topology, but extracting energy in a more 
efficient way [4]. 

In our proposal, the qZSI module, shown in Figure 24.9, is used to build the cascade H-bridge inverter as 
a practical implementation of the aforementioned DMPPT technique. Figure 24.11 presents the proposed 
three-phase inverter connected directly to the grid. Each phase consists of n qZSI modules, and phases B 
and C have the same structure as phase A. Normally, this architecture makes each module deliver the same 
power; however, sometimes this is not so when the output voltages of the qZSI modules are different, even 
though they have the same rms value of current, which depends on the modulation techniques. However, 
to extract the instantaneous maximum power from each panel, regardless of the solar irradiance and 
temperature levels, is the most important goal. The power generated by the PV panel may change owing 
to variations of solar irradiance and temperature levels, for instance, between summer and winter, a clear 
day and cloudy day, partial shading and so on. For each module, the stochastic fluctuation of solar power 
is inconsistent with the desired stable power injected to the grid when using MPPT. The gap between 
them can be compensated for by inclusion of a battery pack in each qZSI module. This topology allows 
independent control of the power delivered by each module. The battery pack can charge and discharge 
to balance the power to the grid. With the DMPPT, power generation of each PV panel is maximized even 
in the presence of PV panel mismatching conditions, such as supposing the non-shaded, mid-shaded and 
high-shaded panels of respective modules Al, A2 and An, as shown in Figure 24.11. Each qZSI module 
contributes to low cost, high efficiency, and reliability and is adaptive to the wide voltage variation range 
of the PV panel with its special voltage step-up/step-down function in a single-stage power conversion. 

Control of the proposed PV system in Figure 24.11 will take into account the multilevel modulation, 
independent MPPT of each qZSI module, SOC of the battery pack and the power demand of the grid. 
There are 3n independent shoot-through duty ratios to control 3n qZSI modules operating at their own 
MPPs. The multilevel synthesis is achieved by means of a phase-shift displacement of the carrier waves 
of the different modules [40], and the shoot-through duty ratio should be combined into the multilevel 
PWM to form the final driving pulses for all switches. The power demand of the grid is achieved by 
multilevel modulation. The differential power between the generated maximum power of the PV panels 
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Figure 24.11 qZSI-based cascade multilevel PV power generation system 


and the power injected to the grid will charge or discharge the battery pack. The battery SOC of each 
qZSI module should be monitored during operation and controlled by adjusting the injected power of the 
grid to maintain the battery SOC within the designed range. 

Parameter design of the inductors, capacitors, battery pack and operating voltage of the inverter and 
modules is a critical step. The optimization of these parameters will be the object of our investigation. 
The control of each module is elaborated, not only for its own goal but also for the entire PV system. 
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For the qZS H-bridge legs, the shoot-through zero state does not affect the output voltage, which will 
not cause harmonic content in the load current. However, the 2@ (@ is fundamental frequency of the grid) 
voltage ripples are a problem common in the DC-link bus of both traditional H-bridge CMIs and ZS/qZS 
H-bridge CMIs because the 2 reactive power flows through each module. For the qZS H-bridge CMI, 
a small LC filter is sufficient when connected to the grid because the multilevel output voltage is highly 
sinusoidal. If using the traditional boost converter + H-bridge in the CMI, then the 2% voltage ripples are 
still in the DC-link bus. Furthermore, additional switches are needed. The energy storage will require 
extra circuits for the traditional boost converter VFI system. 


24.3.2 Control Strategies and Grid Synchronization 


An electrical grid system is complex and dynamic, and is affected by many factors and disturbances. 
Higher penetration of renewable energy sources is leading to requirements, imposed on power con- 
verters that feed the electrical grid system, which are more stringent. Several control strategies are 
applied to power converters connected to the electrical grid system: voltage-oriented control (VOC), 
model-predictive control (MPC), direct-power control (DPC), model-predictive direct-power control 
(MPDPC), direct-power control with space-vector modulation (DPC-SVM) and a control method based 
on virtual flux (VF) [41—56]. For the VOC and DPC-SVM methods, several modifications have been 
developed and are reported to involve a change in the voltage modulator to allow the use of multilevel 
converters. Virtual flux-oriented control (VFOC) for a grid-side PWM rectifier is based on coordinate 
transformations between stationary a—f and synchronous rotating d—q reference systems [41, 42]. This 
strategy offers fast dynamic responses and a precise, steady-state performance through internal current 
control loops. Consequently, the final configuration and performance of the system depends largely on the 
quality of the applied current-control strategy. The simplest technique is hysteresis current control, which 
provides a fast dynamic response, good accuracy, no DC offset and high robustness. However, the major 
problem of hysteresis control is the variable switching frequency of the power converter. This makes 
the switching pattern uneven and random, which results in additional stress on the switching devices 
and difficulties for the filter design. Therefore, in the literature, several strategies have been reported 
for improving the performance of current control [41, 43]. Among the several current regulators with 
constant switching frequency, the most widely used scheme for high-performance current control is the 
d—gq synchronous controller, where the currents being regulated are DC quantities and where it is easy 
to eliminate steady-state error and offset. DPC is a popular technique employed in grid-connected con- 
verters. By selecting appropriate switching states of the power converter, it is possible to control directly 
the active and reactive powers [44—49]. The technique is similar to the direct torque control, where the 
optimal switching state is selected by using lookup tables and hysteresis bounds. DPC using the pre- 
dictive approach is also applied to the active rectifier [54, 55]. MPDPC is an extension of DPC, where 
the switching lookup table is replaced by an online optimization stage [56]. MPDPC achieves optimal 
performance by minimizing the switching losses of the converter, while controlling the output of the real 
and reactive powers. 

Hence, the basic and advanced control features should be incorporated for any proper solution. The 
control technique employed should ensure stability in case of a large grid-impedance change, and be 
able to ride through during disturbance of the grid voltage. DC-link voltage control, adaptation to the 
grid voltage variation and grid synchronization, preferably with unity power factor operation, should 
also be incorporated. The MPPT strategy, and anti-islanding (as required by JEEE 1574), should be 
analyzed, although the monitoring and protection features need to be developed. Other control features 
are active and reactive power control, harmonic compensation, local voltage control and fault-tolerant 
operation during converter and grid faults. In addition, a battery energy management system is supposed 
to be developed and is taken into account in the control system. 
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24.4 Hardware Implementation 


24.4.1 Impedance Parameters 


The parameters of the impedance network are one of the important issues for the proper operation of the 
system. Several works have contributed to pursuing suitable Z-source parameters [17, 57-59]. A design 
process of a grid-tie PV system isillustrated in the following, according to the grid standard of Qatar. 

The desired operating parameters of the converter are presented in Table 24.2. The qZS-CMI system 
is an 18 kW/7-level cascaded inverter, that is, threecascaded layers with 2kW for each cell. The input 
DC voltage ranges from 60 to 120 V (the maximum variation of 1:2 is chosen because of the voltage 
variations of the PV panels). 

Each of the quasi-Z-source networks is a combination of two inductors: L, and L, and two capacitors: 
C, and C,. As the equivalent circuit shown in Figure 24.4, in shoot-through states, the PV panel and 
qZS capacitors charge the inductors; in non-shoot-through states, the PV panel and inductors charge the 
loads and capacitors. Figure 24.12 shows the corresponding charge and discharge waveforms of inductor 
L,, L, current and capacitor C, voltage as an example. The voltage of capacitor C, is the same; only the 
steady-state values are different from capacitor C}. In the figure, , is the time interval of active states and 
t, is the shoot-through time interval, which is equal to (DT,/n,,). Note that n, is the section of divided 
shoot-through duty ratio in each control period. It is four for the designed space-vector modulation and 
two for the PSSPWM. It can be seen that the purpose of the inductors is to limit the high-frequency 
current ripple to r;% of the maximum inductor current during shoot-through states. 

The selection of devices is performed for the worst case, operating with rated power when the PV 
array voltage is a minimum and all the cascaded qZS-HBI cells have the same working condition. In this 
scenario, the shoot-through duty cycle reaches its maximum, and the boost ratio of the PV panel voltage 
is also maximal. With the maximum modulation index M pax» the required minimum DC-link voltage vpe 


max? 


Table 24.2 Desired operating parameters 


Parameters Value 
Maximum PV array voltage, Vpy max 120V 
Minimum PV array voltage, Vpy min 60 V 
Rated power of each qZS-HBI, P nax 2kW 
Grid voltage 230 V 
Grid frequency 50 Hz 
Carrier frequency, f, 2kHz 
Desired peak-to-peak current ripple through the qZS inductors, r;% 20% 
Desired voltage ripple of the qZS capacitors, r,,% 1% 
‘Lid, 
itmaxl,2 Vemax| 
AV, 
| Aly el 
İz min1,2 } Vemin1 
p Toh : t 1 X 
da > 


(a) t 


Figure 24.12 Waveforms of (a) inductor current and (b) capacitor voltage 
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for each cell is 
Voc min — P /Minax/M (24.18) 


where v, with “^” is the amplitude of the grid voltage and n is the number of cascaded cells. The maximum 
required voltage gain G of the qZSI can be determined by 


(29, /n) 


max — 


(24.19) 


Vpy min 


Then, the minimum modulation index M 
can be determined by 


maximum shoot-through duty ratio D and boost factor B 


min? 


= ———— =1 


M; = : = —— 
min a max min?’ max 2 
3V3G ray -m a T= 2D max 


To avoid the discontinuous conduction mode of the inductor, even at the worst operation point, the induc- 
tance can be calculated by 


G 
mma - Vy l (24.20) 


v AT _ Vo, (TD max/”sn) A Dazd = Dey au 


L,=L,= = = 
Al, (P nax / VPV min)"; % Nof Pax —2D )r;% 


(24.21) 


max 


In the meantime, in non-shoot-through states, two capacitors are in series in the qZSI network. They 
absorb the current ripple and limit the high-frequency voltage ripple on the inverter bridge to r,% of the 
maximum DC-link voltage, in order to keep the output voltage sinusoidal. Therefore, the capacitance 
can be obtained as 


2AT 2h ma TPs a Dral — 2D nay) Png 
CG = G = C = L,ma: s sh = max ( - max ) max (24.22) 
Avpe VDC,min” y% Nef Vy min” v% 


According to the desired operating parameters listed in Table 24.2 and the commercialized components 
in the market, the qZS inductance and capacitance can be selected. 


24.4.2 Control System 


The proposed qZS-CMI topology with battery for PV power conversion, which is connected directly 
to the grid without transformers, has very limited output LC filters. Each phase consists of a series of 
cascaded qZSI PV modules to reach the grid levels. The qZSI PV modules comprise a group of PV 
panels and a qZSI with distributed MPPT for maximum energy production, boost, DC-AC inversion, 
and energy storage, all existing in this one single-stage power conversion unit. The gate drivers, sensors, 
protection and control platform based on a field programmable gate array (FPGA) or a DSP, and instru- 
mentation circuits, will need to be designed and tested. Then, the entire power converter and PV system 
can be fabricated and implemented. Sensors will be calibrated and the control algorithms programmed 
and implemented. 

The generic control structure of the proposed overall system is presented in Figure 24.13. The basic 
functionalities of the PV power system control are illustrated with a block diagram. The basic and 
advanced control features will be incorporated in the proposed solution. A number of features are required 
of the control technique employed: (1) ensure stability in case of a large grid-impedance change, (2) be 
able to ride through during disturbance of the grid voltage, (3) DC-link voltage control, (4) adapta- 
tion to grid voltage variation and grid synchronization with unity power factor operation, (5) the MPPT 
strategy, (6) anti-islanding, as required by JEEE 1574 the monitoring and (7) protection features. Other 
control features are active and reactive power control, harmonic compensation, local voltage control and 
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Figure 24.13 Control function diagram of the PV system 


fault-tolerant operation during converter and grid faults. In addition, a battery energy management system 
is required. 

With the batteries, each module in the system can output any assigned power no matter what the PV 
string’s MPP, because the power difference can be balanced by the connected battery through charging 
and discharging. As a result, all modules output balanced power and all three phases feed the balanced 
power to the grid. 
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